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Use of Advanced Technologies and New Procedures  
in Medical Field Operations 

(RTO-MP-HFM-182) 

Executive Summary 
The RTO-HFM 182 symposium on “Use of Advanced Technology and new Procedures in Medical Field 
Operations” has presented valuable and promising possibilities. Comprehensive presentations of the vast number 
of opportunities ahead, taking full advantage of the rapid and sophisticated technical development during the last 
decades, have been laid out. The willingness of especially USA to invest in technical research and development is 
impressive. Further, this symposium has presented lessons learned especially from Operation Enduring Freedom 
and Operation Iraqi Freedom. The change of blood transfusion concepts with consequences also for civilian life is 
but one, but currently the most visible and accepted. Other outputs are haemostatic procedures and products,  
but here proper evaluation is still needed to identify the ultimate procedure/outcome. 

However, NATO faces several challenges if Combat Casualty Care is to be improved further, especially if a 
smaller “foot print” is one future planning factor. Some of these challenges can be met by (1) modification of 
treatment; (2) new equipment/technology, (3) by operational development, both tactically and strategically and  
(4) with a combination of the three. Lack of manpower may, at many levels, be compensated for by 
telecommunicated systems and robotics, provided the tests of such systems prove their feasibility. 

Concomitantly one must not fall into the “mythical trap”, assuming so strongly that one direction is correct,  
that proper control mechanisms become unavailable for redirection of a course. If a problem is addressed one way 
only, it is impossible to prove that that solution is wrong. This underlines the need for a NATO Trauma Registry. 
Since different allies may have different approaches to the same problems, a NATO Trauma Registry will have a 
greater potential than the Joint Theatre Trauma Registry alone, as we will have more groups to compare.  
Thereby evaluation and research may confirm some hypothesises, discard others and prevent ill-conceived 
paradigms from developing into myths. 

All new technology presented and demonstrated seem, to different extents, feasible for asymmetric war fare.  
They may also prove even more beneficial and feasible for civilian peace time challenges like in disaster scenarios 
or search and rescue operations. But what about limiting factors, especially for Combat Casualty Care?  
Is the human factor a limiting one? Further, most of these new concepts demand complete control of air space, 
cyber space, radio waves etc. So, what about asymmetric warfare? Are we developing concepts that will invalidate 
us in an asymmetric combat situation? Who will be in control of the needed satellites? Are there actually  
“Killing Factors”1? It remains to be seen if all obstacles can be identified and overcome and where such systems 
have their best potential. 

And last but not least, unexpectedly, the Icelandic volcanoes have taught us another lesson: 

• When mother-nature opens her mouth we have to shut ours! 

• We are vulnerable! 

• We will never be in complete control! 

And this must be included as a Planning Factor for future prospects and their evaluation and research. 

                                                      
1 A “Killing Factor” is a critical condition that must be met or guaranteed. If not, the proposed project will not be viable as 

designed (See “Logical Framework Approach” 4th edition). 
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Utilisation de technologies avancées et de procédures 
nouvelles dans les opérations sanitaires 

(RTO-MP-HFM-182) 

Synthèse 
Le symposium RTO-HFM 182 sur « L’utilisation de technologies avancées et de nouvelles procédures dans les 
opérations sanitaires » a ouvert des perspectives de grande valeur et des plus prometteuses. Des présentations 
exhaustives d’un grand nombre d’opportunités à venir, qui tirent tout l’avantage possible du développement technique 
rapide et sophistiqué de ces dernières décennies, ont été exposées. Le désir des Etats-Unis en particulier d’investir dans 
la recherche et le développement techniques est impressionnant. Ce symposium a également tiré les leçons en 
particulier des opérations « Enduring Freedom » et « Iraqi Freedom ». Le changement des concepts de transfusion 
sanguine avec des conséquences également pour le secteur privé n'en est qu'un exemple, mais qui reste actuellement le 
plus visible et le mieux accepté. Les procédures et les produits hémostatiques sont d’autres résultats, mais ici une 
évaluation particulière est encore nécessaire pour identifier les dernières procédures, les derniers résultats. 

Cependant, l’OTAN se trouve face à plusieurs défis si les soins des blessés au combat sont encore à améliorer,  
en particulier si réduire l’empreinte est un des éléments d’un programme à venir. Certains de ces défis peuvent être 
résolus (1) par une modification du traitement ; (2) par de nouveaux équipements / une nouvelle technologie,  
(3) par un développement opérationnel, à la fois tactique et stratégique et (4) en combinant les trois. Le manque de main 
d’œuvre peut être compensé à différents niveaux par des systèmes commandés à distance et de la robotique,  
sous réverve que les tests de tels systèmes aient démontré leur faisabilité. 

En même temps, il ne faut pas tomber dans le « piège du mythe » en supposant de façon tellement péremptoire que telle 
direction est la bonne, que les mécanismes de contrôle appropriés deviennent incapables de réorienter la direction prise. 
Si un problème n’est abordé que sous un seul angle, il est impossible de prouver que la solution est mauvaise.  
Ceci souligne la nécessité d’avoir un Registre Traumatologique de l’OTAN. Tant que différents alliés pourront avoir 
une approche différente des mêmes problèmes, un Registre Traumatologique de l’OTAN aura un plus grand potentiel 
qu’un seul Registre Traumatologique par Théâtre Interarmées, car nous aurons toujours plus de groupes à comparer. 
Ainsi, l’évaluation et la recherche peuvent confirmer certaines hypothèses, en rejeter d’autres et empêcher des 
paradigmes mal-conçus de se transformer en mythes. 

Toutes les nouvelles technologies présentées et démontrées semblent, jusqu’à un certain point, utilisables dans le cadre 
d’une guerre asymétrique. Elles peuvent aussi être encore plus utilisables et bénéfiques pour les défis civils du temps de 
paix comme les cataclysmes et les opérations de recherche et sauvetage. Mais qu’en est-il des facteurs limitatifs,  
en particulier pour les soins des blessés au combat ? Le facteur humain est-il un facteur limitatif ? De plus, la plupart de 
ces nouveaux concepts requièrent un contrôle complet de l’espace aérien, du cyber espace, des ondes radio etc.  
Qu’en est-il également de la guerre asymétrique ? Sommes-nous en train de développer des concepts qui deviennent 
dépassés en situationde combat asymétrique ? Qui aura la maîtrise des satellites nécessaires ? Y a-t-il réellement des 
« facteurs létaux »2 ? Cela reste à voir si tous les obstacles peuvent être identifiés et surmontés et quand de tels systèmes 
sont potentiellement au plus haut niveau. 

Et, dernier élément, mais non le moindre, de façon inattendue les volcans islandais nous ont appris une autre leçon : 

• Quand notre mère nature ouvre la bouche, nous devons la fermer ! 

• Nous sommes vulnérables ! 

• Nous ne maîtriserons jamais tout ! 

Et ceci doit être intégré en tant qu’élément de programme des perspectives futures de recherche et d’évaluation. 

                                                      
2 Un « facteur létal » désigne une condition critique qui doit être soit constatée, soit assurée. Dans le cas contraire, le projet proposé 

ne sera pas viable tel quel (Voir l’« approche d’un cadre logique » 4° édition). 
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Technical Evaluation Report 
 

Knut Ole Sundnes MD, Colonel 

Norwegian Defence Forces 

NORWAY 

PREAMBLE 

This report deviates to some extent from previous reports as the Technical Evaluator (TE) to address this 

needs to be addressed in a larger context. Nothing works in isolation and cause-effect relationships may 

emerge outside what was the original scope of a procedure or technical solution implemented to solve a 

problem. This report therefore elaborates on general issues and research concepts where challenges are similar 

to those identified, e.g. disaster research.  

Evaluation of this symposium could be done based on the sessions. There are, however, considerable overlaps 

between sessions. Further, tele-network and wireless connection seem to be common denominators with 

advanced technology being “the overarching trademark” for many papers and posters. 

Also, several papers in themselves address a host of ideas and new techniques partly in detail, partly as rough 

summaries. Short comments on each paper are presented inn Annex 1, but extensive evaluation and 

elaboration on each topic seem not feasible or productive due the wide scope of this symposium. 

Unfortunately the volcanic fallouts from Island forced a significant modification of the symposium as a 

majority of the presenters were unable to attend. Clarifying discussions and questions could therefore to a 

large extent not be held and this report is based mostly on the written documentation. 

ACKNOWLEDGEMENT 

The TE wants to thank the organisers for a very good event. Venue, organisation and social arrangements 

were all excellent and, in spite of the Islandic event grounding all planes in Europe, the participants able to 

attend left Essen with nothing but good memories. 

RESPONSIBILITY 

The Prussian General Karl von Clausewitz stated more than 200 years ago that “War is politics added other 

means”. When politicians are using their ultimate political instrument, the military forces, thereby placing 

soldiers in harm’s way, there should be an inherent obligation to provide optimal protection and medical 

treatment to their troops, all the way from the point of injury to final treatment and rehabilitation.  

MANDATE 

Quote: “The NATO leadership has mandated, and our populaces expect, that to the maximum extent possible, 

the medical care provided to our deployed military personnel will be of the same standard as they could 

receive in their home countries.  

The new NATO expeditionary strategic concept, with its emphasis on multinational shared responsibility for 

medical care, reduced deployed medical footprints and early evacuation, cannot be implemented from a 
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medical point of view without effective use of all available advanced medical technologies in the 

multinational setting. 

This activity will bring together international experts in the development and fielding of advanced medical 

technologies, with the goal of gaining a greater understanding of soon-to-be fielded technologies, and to 

determine how they can best be applied within the multinational NATO environment.” Unquote. 

PLANNING FACTORS 

During the last decades the development of medical technologies has forced a rethinking for all levels of 

medical treatment and medical operations.  

We have acquired a better insight in trauma care and the pathophysiology of trauma. However, the last 

decades have also witnessed a narrowing of the medical specialities that have been split further into sub-

specialities. The consequence has been that the former “omnipotent” physician is next to extinct (e.g. 

specialist of general surgery). Further, technical procedures very well functioning for elective surgery (like 

laparascopy) provide little basic training for doing procedures such as emergency laparotomies. This, together 

with other rationales, has forced the need for trauma treatment systems, with health care professionals 

concentrating on trauma care. The number of such health care personnel is however limited. Consequently, 

the number of western physicians, especially surgeons, with the required level of field proficiency, has been 

reduced compared to just one or two decades ago.  

Can such diminished field proficiency be compensated by new technology? Can new technology also open for 

new ways of treatment?  

The way how wars are waged has also changed during the last decades shifting from dominating symmetric to 

asymmetric warfare. Protective gear has improved and has modified the bodily distribution of battlefield 

injuries, but at the same time influenced the mobility of the soldiers. However, the causing mechanisms (high 

velocity bullets/fragments and explosions), are mostly the same, with blasts and explosions dominating. The 

battlefield injuries therefore have changed little. (The new DIME weapon is not yet largely distributed 

between warring factions.) 

In concert with other changes, the strategic and operational concepts for medical support have also changed 

and are still undergoing transformation processes. 

On this background we must address the current challenges of 86% of the battlefield casualties dying within 

the first 30 minutes. The majority die from haemorrhage with head trauma as the second largest cause of 

death. Further, 85% of preventable deaths are caused by haemorrhage, non-compressible and compressible 

comprising 31% and 69% respectively. (Kelly & al. 2008) 

BACKGROUND 

War wounds differ from most civilian trauma. Therefore an in depth understanding of the challenges 

associated with Combat Casualty Care, personal insight in the nature of war wounds and their causing 

mechanisms and the treatment principles is crucial. Some examples are given in figures 1-6.1 

                                                      
1
 All photos by the TE. 
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CIVILIAN CASUALTIES 

As pictured in figure 1, 2 and 4-6, and also referred to frequently in other papers in and outside NATO, the 

majority of persons wounded from warfare are now civilians, either coming in harm’s way at random 

(collateral damage) but also more and more directly targeted as part of asymmetric warfare. As we are all 

obliged to adhere to the Geneva Convention, we will still have responsibilities for all civilian casualties 

resulting from warfare and this obligation must also be inherent in new concepts.  

  

Figure 1: Dying victim from an  
artillery shell. Kabul 1992. 

Figure 2: Insufficient first debridement resulting  
in a chronic lethal infection. Kabul 1990. 

  

Figure 3: Cambodian guerrilla soldier with haemostatic 
attempt: Insufficient tourniquet after mine injury 

resulting in increased venous bleeding.  
Khao I Dang 1985. 

Figure 4: Land mine victim. Maimed children  
today comprise a 2 digit percentage  

of all war wounded. Kabul 1990. 
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Figure 5: “Exarticulation” by large artillery shell. Exsanguinated after one hour.  
Today he might have survived with wound packing and compression dressing. Kabul 1990. 

                              

Figure 6A and 6B: Penetrating brain injury from shrapnel (A) (Lebanon 1979)  
and ricochet (cal. 7.62) (B) (Kabul 1990). Both patients recovered. 

SCIENTIFIC APPROACH/CHALLENGES 

General approach to expand and refine Combat Casualty Care (technical and procedural) comprises many 

elements of the scientific algorithm like: 

1) Ideas/hypothesises on technology and/or new methods or concepts for treatment 

A 
B 
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2) Brainstorming 

3) Technical developments (Gadgets)/Refining methods 

4) Testing in vitro/table top exercise 

5) Testing in vivo/live exercise 

6) Clinical pilot testing 

7) Full research protocol. 

If standard prospective design studies are not within reach, case control studies of different cohorts may 

provide answers. In that context differences in treatment concepts between allies are of utmost importance. 

The scope of research fathoms all aspects of the Combat Casualty Care continuum: 

1) Prevention/protection 

2) Point of Injury 

3) Extraction 

4) En-route care in theatre 

5) Damage Control surgery/resuscitation 

6) Strategic evacuation 

7) Definitive care 

8) Rehabilitation 

Any change of any method at any level will probably have consequences at more than one level and sector, 

hopefully positively on the outcome, but also requiring more and different training and teaching programs. 

A key part of today’s technology depends on telenetwork. This applies for data gathering, distance learning, 

distance diagnosis and surveillance, remote control and distance treatment. Much of this still futuristic 

possibilities have proven promising in a laboratory setting but need to be field tested and proven; others, like 

remote imaging diagnostics, are well implemented.  

TERRA INCOGNITA 

In the wake of the technological development come many key questions: To what extent do we need a human 

back up system? Are these high tech concepts only feasible when one has the upper hand both on air space, 

fighting power and the cyber space? Are we developing war fare concepts for the asymmetric war fare only, 

invalidating ourselves for any symmetric conflict? Could natural events (like a volcanic eruption or sun 

explosions turn out to be “Killing factors”? Could underestimation of a yet not identified future enemy be a 

“Killing Factor”? 

In order to improve diagnostics, treatment and logistics this symposium has been characterized by:  

• Visionary thinking 

• Innovative Capacity 

• High level expertise 
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• Willingness to tear down old barriers: 

• Finding new operational concepts 

• Developing new high tech Solutions 

• Identify new possibilities inherent in “old” technologies 

• Modify/improve existing concepts. 

Nevertheless, the title of one paper, “Terra Incognito” (Pacificio A. Paper 28), captures very well the inherent 

properties of this symposium. We are entering a new world of applicable science and technology. Never 

before have so many human functions been subject to replacement by technical devices and systems. Do we 

want to go there? Do we have to go there? Is there a return possibility? Are we burning bridges? Which are 

the benefits? Which are the Spin offs? Which are the Trade offs? Are humans still significant players to 

achieve success? 

The possibilities are huge, but also the risk to go astray. To pose the right question and find the right answer 

demands an open mind and a wide horizon. Investment and/or actions on one sector may directly or indirectly 

influence functions in other sectors not necessary envisioned. With all these options within reach, the role of 

RTO-HFM becomes crucial. They must serve as the ultimate guardian and see that all aspects of new 

techniques and methods are scrutinized, evaluated and substantiated. This not necessarily implies a “p-value 

research”. Since Double Blind Randomised Controlled Trials are not possible in the combat zone and values 

may be tangible and intangible, evaluation and research must use both quantitative and qualitative scientific 

methods: “If you can’t count it, it may still count.” (Modified from Dr. J. Øvretveit.) 

THE RTO HFM-182 SYMPOSIUM 

General 

The papers in this symposium picture the wide scope of science. Within the medical community science is 

closely related to clinical trials. Double blind randomized control trials represent the “golden standard” for 

producing evidence. Randomized open studies and retrospective cohort studies representing are also 

acceptable but less robust approaches. 

Other papers like # 1 addresses dilemmas in modern medical technology. The increasing use of high tech 

equipment has diminished the clinical field proficiency especially on diagnostics. To compensate for this 

“deadlock” situation, efforts are started to produce smaller technology devices that are applicable to limited 

space and transport situations, like on a naval ship or in a forward expeditionary medical support and may 

compensate for diminishing clinical skills. 

From the technical side the symposium presents several sound examples of elaborate utilisation of current 

physical and technical knowledge, breaking new boundaries and expanding the science of hardware and 

software to new heights. Evidence for their applicability is given through technical tests and measurements.  

Their relevance for the medical and combat casualty support still has to await the evaluation on the ground, - 

the medical outcome representing the last “proof of the pudding”. 

Scopes/Themes 

This symposium has presented promising projects and concepts on: 

• Battlefield extraction and in theatre evacuation 
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• Distance Diagnostics 

• Imaging 

• Photoscopy 

• Distance treatment (assisting and robotics) 

• Point of injury 

• E.g. Deep Bleeder Acoustic Coagulation 

• Level II and Level III 

• Damage Control 

• Surgery  

• Resuscitation 

• Strategic Evacuation 

Of equal importance is that it has shed light on: 

• Increased insight and potential of old methods 

• Like early prediction of haemorrhage based on e.g. ECG analysis and evaluation 

• Refinement of traditional therapies 

• Transfusion concepts 

• FWB, leucocytes, and infection control (B12 and UV-light) 

• Modification of Hypotensive resuscitation. 

• Global network of donors and info of them. 

• Training and Teaching devices 

• Mannequins 

• Full size 

• Part task trainers 

• E.g. wet suite like device for realistic training 

• Virtual reality  

Sessions 

The symposium covered several sessions, most of them with wide and overlapping scopes. These were: 

1) Advanced Technologies in Medical Field - Current Research efforts 

2) Medical Training and Information Technologies 

3) In Field Critical Care Technologies 

4) Haemorrhage Control. Blood Products and Resuscitation Technologies 

5) Imaging and Laboratory Technologies 

6) Evacuation Support Technologies 

7) Monitoring and Treatment Technologies 

8) Poster Session (mirroring all the above sessions) 
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The Symposium has presented 45 oral papers, 29 posters and 15 demonstrations. (The demonstrations will not 

be evaluated.) 

Table 1: Distribution of oral presentations and posters by country. 

Submitted from Papers Posters 
USA 32 19 

DEU 6 6 

FRA 2 2 

CAN 1 1 

GBR 1  

NOR 1  

TUR 1  

Papers from USA outnumber the rest of NATO by far. Also, more than any other ally, USA has 

conceptionalised research and established relevant institutions with sufficient funding and also joint venture 

systems between the military and the private sector. What about the others of the 28 member countries? What 

about partners’ contribution (e.g. PfP and MDC nations)?  

Science and Research 

The number of papers and posters to be categorised as scientific papers is less than expected.  

Roughly evaluated 25 of the presentations may be classified at scientific level 1 or 2. The rest are narratives 

focusing on technical development and/or operational development based on identification of different needs 

and shortcomings based on assumptions and hypothesis not necessarily confirmed. There are statements of 

achieved results and improvements but their justifications are not properly substantiated. 

Papers and posters can be categorised according to scientific properties: 

• Scientific levels 1 and 2 

• Randomized 

• Blinded 

• Non-blinded 

• Case Control studies 

• Narratives 

• Overviews 

• Technological 

• Operational  

• Experimental 

Medical Footprint 

How can NATO reduce the medical “footprint” and prevent people from being placed in harm’s way, at the 

same time improving the entire Combat Casualty Care (from the point of injury during tactical and strategic 
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evacuation through all medical treatment facilities until final treatment is done)? Tele-medicine serves as a 

key word. However, telemedicine is nothing new. The first technical development allowing for telemedicine 

came in 1876 with the telephone, and has been practiced widely since. For more than 100 years the telephone 

constituted the only tele-medical gadget. Today, driven by many processes during the last decades, current 

tele-technology offers a host of new possibilities if properly implemented. Just to mention some like:  

• Distant Data collection – Information dissemination 

• Operational communication 

• Distant Imaging 

• Distant Monitoring 

• Wireless sensors 

• Remote advising 

• Remote control 

• In field monitoring and Close-loop treatment 

To take full advantage of all possibilities inherent in new technology, technical research programs are 

necessary, both with regard to functionality and feasibility, but also with regard to the overall benefit of the 

populations, military and civilian alike. No doubt there is much truth in the statement that “the technological 

revolution of the past three decades is catalyzing a paradigm shift in the care of the battlefield casualties”. 

(Paper 3)  We must, however, be sure that shifts of paradigms are to the better as a whole. This means that 

also side-effects (negative) must be included in the evaluation, first and foremost the tangible, but to some 

degree also the intangible. 

This will require proper data, correctly collected. The US, and to some extent UK and Canada, is here ahead 

of the allies. They have, since long, implemented and improved their Joint Theatre Trauma Registry (JTTR). 

Properly used this may give answers to a lot of questions posed, and also confirm or discard hypotheses on 

cause-effect relationship that are tested. However, there exist different paradigms of treatment between 

different allies (e.g. Packed Red Blood Cells, paper 22 by McFaul & al,)2. Therefore, implementation of the 

NATO Trauma Registry will be an even stronger and necessary tool in the process to identify most probable 

cause-effect relationships. 

Unmanned Systems – Robotics 

The future opens for some “impossible” scenarios from robotic extraction till final treatment. In between we 

have the possibility for temporary treatment and closed loop surveillance and treatment, without human 

intervention. (“This capability should include Electrocardiogram, invasive pressure monitoring, non-invasive 

blood pressure monitoring, temperature, pulse rate, blood oxygen saturation, heart rate, infusion pump, fluid 

warmer, ventilator and oxygen.” (Paper 4 by Mr. Beebe & al.)) 

The Battlefield Extraction Assist Robot (BEAR) is one system that seems feasible and sensible. It may replace 

a human Combat Medic and reduce the number of troops being put in harm’s way. Combining such a robot 

                                                      
2
  This paper tests how leucocytes containing supernates from PRBC facilitate coagulopathy. In Europe one rationale for PRBC is to 

get rid of also leucocytes since they otherwise may result in future immunological problems (microchimerism); i.e. supernates is 

an American problem. 
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with detective devices for chemical, nuclear, bacteriological and explosive detection makes the system even 

more palatable. Reliability and field proficiency still remain keywords. 

Telemedicine and remote control treatment seem also to be within reach, technically. This encompasses 

“Deep Bleeder Acoustic Coagulation” (DBAC) based on High Intensity Focused Ultrasound (HIFU), Robotic 

Laser Tissue Welding (RLTW), Autonomous Airway Management (AAAM), and Target Controlled Infusion 

Anaesthesia (TCIA) based on electrochemical biosensors that measure the intravenous anaesthetic (paper 5). 

Telerobotic and Automated Robotic Surgery has already been tested at Phase 1, amalgamating Scrub Nurse 

System (SNS), a Tool Rack System (TRS), Supervisory Controller System (SCS), a Patient Imaging System 

and a User Interface to provide link and assistance between a  remote surgeon and a robot treating the patient. 

The important questions are, if such remote telemedical systems prove reliable for Combat Casualty Care and 

thereafter, how far forward are they feasible. However fascinating this is, their applicability for a combat 

situation must be scrutinised. All downsides and obstacles must be clearly identified, and certainly any 

“Killing Factor” must actively be looked for. Operational communicating problems like limited bandwidth, 

latency, and loss of signals are all such challenges. Both tangible and intangible outcomes should be 

addressed, mortality and morbidity being the priority indicators. 

The above makes the approach by Paper 6 from LtCol Martindale and Dr. Folds rather pertinent, addressing 

Human System Integration in Expeditionary Medical Treatment Facilities. They deal with following domains: 

Human factors Engineering, Manpower, Personnel, Training, Safety and Occupational Health, Survivability, 

Habitability and Environment. Associated to these domains they list topics of relevance comprising a total 

number of 120 relevant questions to be addressed. 

Teaching and Training 

Simulation based training systems have come a long way since the first Resusci Anne mannequin was 

presented in 1960 by Laerdal industries. Further attempts to replace live teaching on real patients and also 

animal models by mannequins and virtual reality are underway. For some procedures Virtual Reality seems 

very promising but for more difficult procedures it is still hard to fathom how they will work.  

High tech contribution for training and education can hardly go wrong, except on the budgetary side. Gains on 

mannequins and virtual reality should include advanced treatment, especially for groups that often are 

“starved” with regard to treating real cases. This goes for physicians, nurses and medics. Great care, however, 

must be given that simulation only replaces what can be replaced.  The large variations seen in the animal live 

model (anaesthetised) is hard to be replaced by a mannequin or a virtual reality program. 

Medical Outcome / New Paradigms 

The bottom line is: what serves the wounded soldiers and, from an operational view, what serves the military 

mission and maintains the fighting ability? 

Paper 32 (Ritchie & al) serves as an example of critical feed back. Comparing the mortality for two cohorts of 

similar trauma cases (both with Injury Severity Score of 18) they found significant better outcome at the Level 

II Medical treatment facility compared to the Level III. Causative factors are listed but final conclusion will 

have to await further analyses as this may change our medical treatment and evacuation concepts. 

Another paper with direct implication on primary casualty care is the paper on Hypertonic Saline Dextrane in 

pigs, clearly demonstrating higher mortality of hypertonic saline in blasts/high pressure injury, due to 
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pulmonary failure. In penetrating injuries alone no advantage could be demonstrated. (Paper 28) Pigs are more 

fragile than humans, but this could be applicable also to humans. 

Modification of the Hypotensive Resuscitation is also important. It is logical and also documented that 

hypotensive resuscitation saves lives from haemorrhage, but if extended too long, organ failure from poor 

perfusion will manifest itself and influence the outcome negatively. 

Haemorhage/Transfusion 

OEF and OIF have resulted in a shift of paradigm for blood transfusions. The ratio 1:1:1 concept for Packed 

Red Blood Cells, Plasma and Platelets has become widely accepted. If logistics prevent this, the old concept 

of a “Walking Blood Bank” has re-emerged successfully with regard to immediate life saving results. The 

trade offs have been microchimerism and late immuno-system problems and the potential viral infection. 

Goodrich & al. have addressed this problem in an interesting paper on Pathogen Reduction and Leucocyte 

inactivation based on riboflavin (B12) and Ultraviolet light. This device is currently under clinical evaluation. 

(Paper 24)  

Diagnosis/Treatment/Evacuation 

There is a trend to design and test high tech equipment for forward operational units, all the way up to the 

point of injury. In expeditionary settings with extended lines between mother-unit and forward unit this often 

poses an extra challenge and may justify both new diagnostic and treatment possibilities. 

It is crucial that such projects and processes are addressed properly with regard to field exposure and 

robustness but also its function and applicability from a medical point of view.  

Diagnostic procedures should only be implemented if they have therapeutic consequences. The introduction of 

high tech diagnostics is futile unless the findings will have consequences, either for a decision to evacuate or 

to treat.  

Discussion 

This symposium mirrors a strong faith in forward high tech diagnostics and treatment potentials. No doubt that 

several projects presented here will bring modern medicine and traumatology forward. However, several products 

are not yet field tested; still yet statements in the papers indicate that their benefit is taken for granted. For all high 

tech initiatives there is a need for a sober scientific evaluation and research before final conclusions are made. 

Only few papers did demonstrate that this was part of the process or had been done properly.  

As documented through this symposium, the in-hospital mortality rate has been reduced to 4.1% (Eastridge & 

al., Paper 7). For comparison, the International Committee of Red Cross (ICRC) has figures varying between 

4.9 and 6.4%, 6.4% representing the hospital in Kabul with 300 surgical beds. The admissions for this hospital 

ranged from 10-400 per day (4-2 surgical teams), was exclusively for war wounded and with very limited 

natural triage as most injuries took place in Kabul city. The resources available to ICRC were very limited, 

but to a large extent compensated for by clinical skills and field proficiency by the teams.  

The costs associated with a reduction from 6.4% to 4.1% are assumed to be enormous.3  

                                                      
3
  The ICRC hospitals comprised first and final treatment and pre-hospital treatment hardly existed. For a NATO soldier the primary 

MTF is mostly not the same as the final referral hospital. 
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Some of the technological futures presented here may also be applicable to the civilian health care. Indeed, 

such advanced technology will probably get a more dominant place in a well controlled civilian setting than in 

a battlefield mayhem scenario. 

There is, however, no such thing as a “free lunch”. Costs, opportunity costs and side-effects must be included 

when the balance sheet is presented. Consequently, we must provoke colleagues to “think out of the box”.  If 

the US congress orders the US military to have all medical rescue and combat care to be executed by robotics 

in 30% of the situations, we must develop instruments to prove what consequences that may have, positively 

and negatively. Scientists and health care personnel carry a significant responsibility. Most medical “truths” 

are actually medical paradigms (fig. 7, 8 and table 2). Real medical truths are few and far between. As in 

disasters, myths are easily established in a Combat Casualty Care Situation, and equally hard to eradicate. It is 

our obligation to prevent this from happening and that can only be achieved with an honest, open-minded and 

unbiased approach to the topic addressed. We must have robust procedures that prevent myths from 

establishing themselves as they then may slowly be regarded as axioms.  

 

RTO- Human Factor and Medicine Panel,  182-2010  Essen.                    Knut Ole Sundnes

Medical truths?

Medical paradigms!!

Life cycle:

Wrong Right
10-30 

years

 

RTO- Human Factor and Medicine Panel,  182-2010  Essen.                    Knut Ole Sundnes

Circle? of Truth

AXIOM

TRUTH

PARADIGM

MYTH

 

Figure 7: Most medical treatment concepts  
can be categorised as paradigms. 

Figure 8: Myths and axioms have one 
thing in common. They cannot be proven. 
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Table 2: Basic properties of Axioms, Truths, Paradigms and Myths. 

AXIOM: 
Self-evident truth which 

cannot, but also need not to 

be proven. 

TRUTH: 
A condition or cause-effect 

relationship that will not 

change and which can be 

proven/ is based on 

evidence. 
 

PARADIGM: 
A ”truth” dependant on 

time and place, the 

temporary ”golden 

standard”, an  example. 

MYTH: 
A general perception or 

commonly-held belief which 

is untrue and for which there 

is no foundation. 

   
 

  

Further, a procedure that may prove beneficial for some aspects may prove negative for other sectors, partly 

directly, partly through the concept of opportunity costs. For all processes trying to improve Combat Casualty 

Care, indicators for effectiveness, efficiency and benefit must be identified, and, furthermore, they must be 

identified prior to the start of the project. Such indicators must be chosen in order also to reveal unexpected 

effects in sectors where influence was not expected, both positive (spin-offs) or negative side-effects. 

Having read through all manuscripts, this constitutes my main concern. In spite of some papers stating that 

“metrics” must be identified to evaluate the program, such metrics obviously are not yet identified. For even 

the most elaborate new technology, there was little mentioned as to how these new devices were to be 

evaluated. This is a serious shortcoming. 

I find it pertinent to draw the attention to the diagram as published in the “Health Disaster Management. 

Evaluation and Research in the Utstein Style”. (Figure 9.)  

For any need identified, there may be more than one solution to cover that specific need. Each of these 

solutions must therefore be executed to its maximum efficiency and, thereafter, that procedure which proves 

more cost-efficient will be chosen. Both cost-efficiency and cost-effectiveness must be compared using 

identical indicators. However, it still remains to be seen if the activity chosen really benefited the population. 

Therefore the indicator for cost-benefit must be different. This latter indicator must serve as an overall quality 

control both for needs assessment and for the total impact of the process or procedure implemented.  An 

example: A refugee camp may have a high Crude Mortality Rate (CMR) and there has been assumed that lack 

of potable water is the reason. That water can be provided by water trucks, ground water cleansing systems or 

ground water drilling. All procedures are measured as to their capability to provide water in litre/capita/day. 

The benefit to the population must, however, be measured as to what extent the CMR was reduced. Other 

indicators may also be chosen as CMR is the ultimate hard endpoint indicator. Qualitative indicator like being 

thirsty is one option. Another example was mentioned during the symposium. New Combat Rations that 

provide enough nourishment were so unpalatable that those who had tried them for a week came up with the 

hypothesis that they would lower combat moral. But how do you “measure” moral? 
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Figure 9: Diagrammatic representation of cost-efficiency, cost-effectiveness, and cost-benefit. Each 
intervention must be carried out as efficiently as is possible. That intervention that proves more 
effective to deliver the wanted output (effect) is chosen. Still it remains to be evaluated to what 

extent the intervention really benefited the population (produced a positive outcome). 

It is not automatically given that introducing high-tech combat casualty treatment will have the expected 

positive outcome. Therefore indicators must be identified on beforehand. 

This is partly mirrored in the curves. In a static situation we have postulated that within certain limits lack of 

equipment and resources can be compensated for by a higher clinical competence and field proficiency, as 

pictured in figure 10. What if this is also a dynamic situation? Will introduction of new high tech gadgets 

result in a decrease of clinical competence? (Figure 11.) And, what if such a relationship has a threshold 

relationship under which you have a significant diminishing return? (Figure 12.)  
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“Bargaining” Window? (very 

simplified)
Clinical skills Technical solutions

Treatment situation
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Field Proficiency

Clinical skills: 

dependant variable
Technical solutions

  

Figure 10: Static picture. To the left of A clinical  
skills cannot compensate for lack of equipment  

and vice versa to the right of B. 

Figure 11: Dynamic picture. Will introduction of high 
tech equipment result in reduced clinical skills? 

It is our duty to identify such relationships. This can only be achieved when research and evaluation is 

conceptualised and institutionalised. Therefore, to overcome this shortcoming a NATO Trauma Registry is 

long overdue.  

 

RTO- Human Factor and Medicine Panel,  182-2010  Essen.                    Knut Ole Sundnes
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Clinical skills Technical solutions

Critical Threshold for 

diminishing return?

 

Figure 12: One aim of future research could be to find the ultimate relationship between  
clinical skills/field proficiency and advanced technical equipment.  

This is but an anticipated relationship/hypothesis.  

When will we again find ourselves in the situation “A little knowledge is a dangerous thing” (Alexander Pope, 

An Essay on Criticism, 1709). Combining “too little knowledge” (clinical) with “too much knowledge” 

(technical) opens for interesting outcomes, not necessarily positive.  
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We already have well functioning telemedical diagnostic systems utilising experts at home and tele-imaging. 

Taken further as demonstrated at this symposium, the ultimate result of distance monitoring and treatment 

could comprise: 

1) Robotic extraction 

a) Robotic treatment (e.g. deep hemostasis by ultrasound and airway management (paper 5). 

2) Unmanned air evacuation 

a) including en route monitoring and closed loop treatment (e.g. anaesthesia) 

i) invasive wireless monitoring 

3) Admission to a level 2 hospital being operated by a remote surgeon situated in USA (paper 5) 

Pertinent questions would be: 

• Feasible? May be 

• Safe? Probably not 100%, as of yet 

• Comforting? Hardly 

• How to deal with postoperative complications?  

• Other obstacles still to overcome? Yes 

• Will increasing high tech result in diminishing clinical skills?  Likely (TE’s hypothesis) 

Are unmanned systems the “road to heaven”? What about empathy, communications, “Love and Tender 

Care”? Where is the threshold for diminishing returns when the “best becomes the enemy of the good”?  

  

Figure 13: “Buddy aid”. Robotic extraction of casualty. Figure 14: Unmanned Air Evacuation Vehicle. 
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Why not a symposium on Combat 

Casualty Care Indicators?

• Thinking out of the box!

• Quantitative indicators

• Qualitative Indicators

• Mortality is but one

• What about trust and confidence?

• What about moral?

If you can’t count it, it does not count!?
– Prof. John Øvretveit 1997

 

Figure 15: Identifying correct indicators is crucial for all research.  
This topic deserves an institutionalised approach. 
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Appendix 1 – Papers, each with brief summaries  

and comments from the Technical Evaluator 

Keynote KN1 – Meeting the Challenges of Medical Support on Current NATO Operations 

BGen. R. Cordell, Medical Advisor, SHAPE (GBR) 

Keynote KN2 – Medical Challenges in the CENTCOM AOR: From Trauma to Influenza 

Col. R. Erickson, Command Surgeon, US Central Command, CENTCOM (USA) 

SESSION 1 

Paper 1 – Point-of-Injury Care in Expeditionary Medicine  

Cdr. J. Patrey, Mr. W. Sobotka, Dr. J. Lytle, et al, Office of Naval Research (USA) 

This paper addresses the prime challenge of critical care at the point of injury when the line between forward 

care and preliminary surgery is extended beyond comfort, on land or sea.  Confined in space and time a naval 

ship represents special challenges and limitations, also when part of a battleship group or an aircraft carrier 

group. They identify a gap between what can be trained in civil settings and what will be asked/demanded at a 

point of injury in an austere setting. They further underline that current diagnostic equipment is not “fieldable” 

in an expeditionary setting and that the ONR is developing light weight equipment. 

TE’s comment: A key issue is that diagnostic possibilities and procedures should not be implemented if they 

result in unnecessary delays before evacuation and necessary treatment. 

Paper 2 – Advanced Product Development for Combat Casualty Care at the US Army Institute of Surgical 

Research 

Dr. D. Baer, Dr. M. Dubick, Dr. J. Wenke, et al, US Army Institute of Surgical Research, ISR (USA) 

This paper establishes an overview of what Institute of Surgical Research focuses on both on prevention 

(protective gear) and treatment at all levels from point of injury till final treatment (haemorhage, dressings, 

tourniquets, blood products, pain control burns, etc.) 

Paper 3 – US Department of Defense Research in Robotic Unmanned Systems for Combat Casualty Care 

Dr. G. Gilbert, Telemedicine and Advanced Technology Research Center, TATRC (USA) 

This paper deals with a futuristic scenario, which may not be so far away. They present the current state of 

several projects that have produced prototypes or even field tested equipment like Battelfield Extraction Assist 

Robot (BEAR), Unmanned Aerial Systems, smart stretchers, sewn in tourniquets, Combat Medic UAS, etc. 

In this paper nothing is impossible. The need to evaluate and differentiate between output and outcome is 

crucial for all these projects. Further, they will surely be applicable in many settings. The key questions is, is a 

battlefield scenario one of them? 

Paper 4 – Robotics and Unmanned Systems - "Game Changers" for Combat Medical Missions 

Mr. M. Beebe, Dr. G. Gilbert, TATRC (USA) 

This paper continues the robotic issue and all unmanned concepts. It also underlines the SBIR commercial aspect 

of these projects. The congressional directed goal is that 1/3 of ground combat vehicles should be unmanned by 
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2015. DARPA (Defense Advanced Research Project Agency) and TATRC (Telemedicine and Advanced 

Technology Research Center) are key players in this development. Three systems comprising ECG, monitoring 

BP (invasive and non-invasive), pulse, O2 saturation, heart rate, infusion pumps, fluid warmer, ventilator and 

oxygen plus closed-loop capability, and transmit and communication system for remote adjustments. 

Key issue: Requires absolute control of cyberspace, radio waves, transmitter stations, satellites etc. 

Paper 5 – Distributed Automated Medical Robotics to Improve Medical Field Operations 

Dr. T. Broderick, Dr. C. Carignan, TATRC (USA) 

Sophisticated medical and surgical expertise-on-demand through non-medical teleoperated robots are proven 

military force multipliers. This paper addresses how these advantages are now entering the field of medical 

treatment and combat casualty care. In concert with the other parts, it opens the door to a futuristic unmanned 

scenario with regard to medical treatment and evacuation. The vision is to provide expert surgical assistance 

in the first 30 minutes through remote control to capture the preventable deaths that occur within that time 

period. Deep Bleeder Acoustic Coagulation and Robotic Laser Tissue Welding are two of many 

products/programs. Autonomous Airway Management and Target Control Infusion Anaesthesia based on 

closed loop from electrochemical biosensors are others. 

The authors state realistically that limited bandwidth, latency, and loss of signal in the deployed combat 

environment represent real challenges. 

Paper 6 – Human Systems Integration in Expeditionary Medical Treatment Facilities 

LtCol. V. Martindale, AF Human Systems Integration Office, Dr. D. Folds, Georgia Tech. Research Institute 

(USA) 

This balanced paper can be read as a pro and con paper addressing benefits and challenges related to growing 

sophistication of equipment and robotics.  Fewer personnel, lower initial qualification (cause and result) is 

parallel, preceding or caused by this development.  Extended familiarization should reduce human errors 

based on incompetence, mishaps and fatigue and exhaustion. On the other hand ill-conceived design or 

concepts may become counterproductive. Hand held brain diagnostics may replace a CT in the forward setting 

and other robotics may prove advantages in the end (see above). Important are the domains of Human 

Systems Integration: Human factors Engineering, Manpower, Personnel, Training, Safety and Occupational 

Health, Survivability, Habitability, and Environment, each encompassing relevant pro and con issues. 

Paper 7 – Implementation and Dissemination of a Military Trauma System: Utilizing Medical Lessons 

Learned from the Battlefield 

Col. B. Eastridge, Col. G. Costanzo, Mrs. Mary Ann Spott, Col. L. Blackbourne, ISR (USA) 

This paper informs how JTTR has demonstrated the true purpose of a trauma registry: Through proper 

registration of trauma and care given, new concepts have been identified which has lead to institutionalized 

improvement of casualty care and protective gear leading to a lower in-hospital mortality of 4.1%  

(TE’s comment: This should be lower than the figure from the National Trauma Data Bank.) 

SESSION 2 

Paper 8 – The Integration of the Medical Service into the Principle of Network Enabled Operations (NEO) 

Col. S. Kowitz, Bundeswehr Medical Office (DEU) 
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This paper elaborates and underlines the overall function of network enabled operations and how this is 

crucial also for expedient medical support systems as well as Patient tracking Systems. It will also be the 

backbone for greater mobility and operational support. Sensors, effectors, data collection and data inference 

into information are all key elements for medical support and for quality assurance and control. 

Paper 9 – Medical Regulation Concept for Forward Field Casualty Management Based on an Information 

System 

Dr. A. Puidupin, Mr. W. Guessard, Mr. R. Besses, et al, Service de Santé des Armées (FRA) 

Paper 10 – The Best Path for Blood Management Software: From Idea to Prototype to a Deployable Solution 

Dr. M. Trujillo, CAMRIS International, Maj. I. Hauge, USAF Human Effectiveness Directorate (USA) 

Blue Evaluation Software (BEST) is a US Global Profile Database for Blood Donor’s Identity, Health and 

Travel History. The paper details how a SBIR project is governed and run, and how it in this case results in an 

innovative solution to trace and keep electronic access to necessary information of blood donors in order to 

reduce infection rates, discarding of blood and transport time. This will now enter Phase III for 

commercialisation/sale before implementation. 

Paper 11 – A New Era in Medical Training Through Simulation-Based Training Systems 

Mr. J. Magee, TATRC (USA) 

Simulation training is expected to reduce human errors in health care, both in civilian and military settings. 

(98000 Americans are estimated to die from human errors annually.) Fatal outcome from human errors must 

also be expected in a combat casualty setting. Investments and innovations to reduce this is priority both for 

civilian and military health care authorities. 

This paper elaborates various innovations for simulation based training systems. High-Fidelity Computer 

Modeling of Epithelial Tissues and Ultra-High Resolution Display for Army medicine represent some 

important enabling technologies for new development of e.g. light head-mount display powered by only 2 

watts. PC based programs have existed, but been expanded as have mannequins that are now digitally 

enhanced and also part-task trainers (attrappe). 

Paper 12 – Using Advanced Prosthetics for Stress Inoculation Training and to Teach Life Saving Skills 

Dr. M. Wiederhold, Dr. B. Wiederhold, Ms. A. Salva, The Virtual Reality Medical Center (USA) 

Virtual Reality Medical Center (VRMC) has developed a part task-trainer comprising a wearable injury 

simulator (like a diving wetsuit). The target group is combat medics. It is comprised of a synthetic skin system 

and can simulate amputations, eviscerations, blast injuries, punctures and burns. It now also includes 

Pneumothorax, haemoperitoneum, and gunshot wounds to an artery. How this enables treatment in addition to 

diagnostic training must vary. Also, all features are not necessarily revolutionary (like bleeding wound that is 

stopped by a tourniquet. 

But all in all, this paper adds to the picture of the possibilities already available and for future development for 

training technologies. 

Paper 13 – PAPER WITHDRAWN 
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SESSION 3 

Paper 14 – Pain Management in Trauma Care 

LtCol. Dr. M. Helm, Prof. L. Lampl, Federal Armed Forces Hospital (DEU) 

Paper 15 – Virtual Reality: An Emerging Tool to Treat Pain 

Dr. J-L. Belard, TATRC, Dr. H. Hoffman, University of Washington, Col. K. Gaylord, ISR, et al (USA) 

A randomized trial confirms previous reports that virtual reality will reduce pain, occupying the mind of the 

patient. In those who need it most, starting at VAS 7 or higher at a Likert scale from 0-10, it has proven to 

have the best effect. Previous trials have demonstrated that the correct program is crucial (e.g. SnowWorld). 

To be applicable to the field, smaller and less heavy helmets are necessary. 

Paper 16 – Preventing Hypothermia: A Comparison of Current Devices Used by the US Army with an In 

Vitro Warmed Saline Model  

Capt. P. Allen, S. Salyer, Brooke Army Medical Center (BAMC), Dr. M. Dubick, ISR, et al (USA) 

Hypothermia is one of the crucial elements in the lethal triad.  Temperature <33
 ◦
C is associated with 100% 

mortality. Different devices were tested in a structured in vitro trial using blankets, space blankets, chemical 

heating devices, active heating by air, body bags and a combination of some of them. Only the Bair Hugger is 

purpose built for surgical procedures. The rest are meant for transport.  Interestingly the “Bair Hugger” did not 

score as well as could be expected. The test was an in vitro test and a similar real life test is possibly very                                                                                                                                                                                                                                                                                                                                                                                                                              

cumbersome. It may also be considered unethical. 

Paper 17 – Modern Initial Management of Severe Limbs Trauma in War Surgery: Orthopedic Damage Control 

BGen I. Ausset, Prof. M. Levadoux, LCdr. Dr. M.K. Nguyen, Lt. Dr. Y. Baudouin, et al, HIA St Anne (FRA) 

The authors introduce a principal of Orthopaedic Damage Control presenting a concept of minimum treatment 

called the “Just seven procedure”:  just bridge the fracture, just align the limb, just stiff enough to allow 

evacuation, just a few pins, just associated with a surgical debridement, just after the injury if possible. 

Paper 18 – US Army Oxygen Generation System Development 

Mr. M. Arnold, US Army Medical Materiel Agency, USAMMA (USA) 

Compared to a civilian setting, oxygen represents a logistical problem. The author gives an overview of 

different ways to address this need and how local production in the field can be achieved, both low pressure 

and high pressure. Three principles are available:  Filtration through zeolite filters (oxygen concentrators), 

portable and large scale options (need electricity), chemical, electrochemical, cryogenic- separating nitrogen-

oxygen and argon; which is effective and efficient also for storage (liquid oxygen) but complex Ceramic 

Oxygen Cylinders and high pressure cylinders. The need to economize with oxygen, as it is an expensive and 

dangerous medical commodity, is rightly emphasized. 

TE’s comment: All options have their pros and cons. Practical and feasible at forward surgical units seem to 

be oxygen cylinders and portable oxygen concentrators. At Role III, large oxygen concentrators capable of 

filling cylinders may be the better choice.  All systems require energy, some more than others. Oxygen 

economizing systems like on-demand valves should be compulsory for spontaneous ventilation. 

Pulseoximeters help economize oxygen utilization.  
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SESSION 4 

Paper 19 – Combat Damage Control Resuscitation: Today and Tomorrow 

Col. L. Blackbourne, Commander, ISR (USA) 

The author introduces the concept “Damage Control Resuscitation”.  He underlines the importance of 

avoiding the lethal triad and preventing the vicious circle: hypothermia – acidosis – coagulopathy.  Permissive 

hypotension until haemostatic surgery, and then blood components RBC: plasma: platelets in ratio 1:1:1 has 

been demonstrated during OEF and OIF as the optimal blood component therapy. If this is not available FWB 

is the option. Unless retrospective Case Control studies are accepted, the author asks for randomised control 

studies. If that is currently acceptable from an ethical point of view, is not clear. 

Paper 20 – Hemorrhage Control in the German Army – Lessons Learned 

Dr. Madei, Federal Armed Forces Medical Academy (DEU) 

This paper puts more emphasis on the factor VIIa and fibrinogen as key components for transfusion strategies 

when massive bleeding and coagulopathy seems inevitable. They now follow the 1:1:1 ratio principle and 

have also accepted the use of FWB, if needed. 

Paper 21 – New Technologies for Treating Severe Bleeding in Far-Forward Combat Areas  

Dr. M. Dubick, Dr. B. Kheirabadi, ISR (USA) 

These authors address the haemorrhage control and looks at new types of dressing, powder/granulates plus 

tourniquets. The best hemostatic proved questionable due to epithelial damage. The “winner” then became 

Combat Gauze in a clinical test on pigs. (TE’s comment: Testing during the last winter exercise also on pigs, 

we found no difference between the Combat Gauze and a standard dressing. Method may have been wrong 

though.) The Tourniquets seems to established themselves. For those who recognise the cons of tourniquets it 

is critical that proper use of them is understood. It is also to be noticed that one well conceived study on 

tourniquets from the first Gulf war is not listed. (Pillgram-Larsen & al.)  The tourniquet has killing power if 

used wrongly (TE’s statement). 

Paper 22 – Inhibition of Platelet Aggregation by Supernates from Stored Packed Red Blood Cells 

Dr. S. McFaul, Walter Reed Army Institute of Research, Lt. F. Mattheu, Navy Regional Blood Center Great 

Lakes (USA) 

This paper adds to the basic understanding of physiology and pathophysiology of the coagulation process and 

its dependency on the blood products transfused. Lack of coagulation may not necessary originate only from 

absence of coagulation factors or age diminished properties, but result directly from biproducts developed 

during storage (supernates from PRBC solutions). The difference between leucocyte-reduced and non-

leucocyte-reduced blood was striking.  

From a European point of view this is utterly interesting since one of the rationales for producing PRBC is to 

remove the leucocytes which are considered an important pathogen for delayed immunoproblems. Non LR 

blood therefore does not exist in most European countries. 
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Paper 23 – Use of Advanced Machine-Learning Techniques for Non-Invasive Monitoring of Hemorrhage 

Dr. V. Convertino, ISR, Dr. S. Moulton, Dr. G. Grudic, University of Colorado, et al (USA) 

The authors underline the limited average insight in physiology and pathophysiology of hypovolaemia. They 

demonstrate that vital parameters like increased heart rate and hypotension mark the beginning of 

decompensation and is not an early sign of blood loss. 

Applying Lower Body Negative Pressure they were able to scale the central hypovolaemia and a produce a 

structured study. Using non-invasive measures like Heart Rate, RR interval, Systolic BP, MAP, Pulse 

Pressure, Stroke Volume, Cardiac Output, total Peripheral Vascular Resistance they were, with 96.5% 

accuracy, able to predict the amount of central blood volume reduction.  

Paper 24 – Pathogen Reduction of Fresh Whole Blood for Military and Civilian Use 

Dr. R. Goodrich, Dr H. Reddy, S. Doane, et al, CaridianBCT Biotechnologies, LLC (USA) 

With the increasing use of FWB and the relatively clear evidence that this saves lives in combat casualty care, 

any effort to reduce the long term pathology resulting from microchimerism and virus infection must be 

welcomed. This paper demonstrates how a Pathogen Reduction Technology based on riboflavin (vitamin B12) 

and UV light (Mirasol System for Whole Blood) was able to significantly reduce pathogens like different 

viruses, bacteria and leucocytes. Parasites are not yet tested (like malaria). Recommended energy was 80 J/ml. 

Trade offs were some reduction of certain functions like Prothrombin time, activated partial thromboplastin 

time and some clinical chemistry. TEG seemed not to suffer from these trade-offs.  

The device is currently under final testing for approval. 

Paper 25 – Comparison of Hemostatic Efficacy of ChitoGauze and Combat Gauze in a Lethal Femoral 

Arterial Injury in Swine Model 

Dr. K. Real, Dr. L. Buckley, HemCon Med. Tech. Inc., Dr. J. Teach, Dr.H. Xie, Oregon Medical Laser Center, 

et al(USA) 

Comparison between ChitoGauze dressing (chitosan) and Quick Clot Combat Gauze was significantly in the 

favour of ChitoGauze with less bleeding, shorter time before haemostasis, better survival and fewer 

applications. 

Paper 26 – Hypertonic Saline Dextran (HSD) in a Complex Military Injury – A Preclinical Study 

Dr S. Watts, Maj. J. Granville-Chapman,Dstl Porton Down, Surg.Capt. M. Midwinter, et al, Royal Centre for 

Defence Medicine (GBR) 

This paper provides two important messages. Hypotensive resuscitation prevents some unnecessary deaths 

due to haemorrhage but causes substantial physiological deterioration if prolonged.  

The authors have demonstrated how a hybrid strategy of 60 minutes hypotensive resuscitation followed by 

normotensive resuscitation offered significant physiological benefit after haemorrhage alone and significant 

better survival after combined haemorrhage and blasts injury. 

They also demonstrate how hypertonic saline offers no advantage for a haemorrhage patient and actually 

significantly increases mortality when combined with a blast injury (pulmonary pathophysiology). 
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SESSION 6 

Paper 27 – Portable 3d/4d Ultrasound Diagnostic Imaging System (PUDIS) 

Dr. S. Stergiopoulos, Dr. P. Shek, Defence Research and Development (CAN) 

An extremely complicated physical and mathematical model made this paper not easily accessible for a 

normal physician like the TE. 

From what can be understood, however, they have brought 3D/4D ultra sound imaging into new heights 

regarding image resolution combined with possibility for light weight field equipment. This device should be 

able to facilitate detection of non-visible internal injuries based on volumetric imaging outputs. 

Its clinical field proficiency is still awaiting and also the decision of using it for general screening or symptom 

orientated targeting. If easy to handle the potentials may be good. Sensitivity and specificity will be essential. 

Paper 28 – Terra Incognita: Current and Potential Uses of Optical Spectroscopy for Combat Casualty Care 

Dr. A. Pacifico, TATRC (USA) 

Another step forward based on advanced technologies and their new applications. Using photon metods with 

wavelengths between 200 and 16,000 nanometers gives advantages to detect and diagnose morbidities of the 

battlefield. The greatest advantage is at surface imaging applicable to burns and infectious. Optical 

spectroscopy/optical imaging has potentials to assist medical operations in the battle field. There are also a 

host of other applications possible. 

Functional near infrared spectroscopy (fNIRS) is discussed. 

Paper 29 – Cell Biosensors: Rapid Detection and Identification of Pathogens Using FTIR Microspectroscopic 

Spectra 

Dr. J. Ward, Dr. J. Hilliard, Georgia State University, et al (USA) 

This paper presents essential information and may provide important improvements for virus diagnostics, not 

only in the battlefield, bur for medical diagnostics as a whole, including civilian hospitals. A new hypothesis 

has been tested that the cells themselves serve as biosensors which can be probed using FTIR 

microspectrometry to identify specific viruses to which a cell is exposed, and that much earlier than using 

PCR techniques. Spectral bands discriminate between viruses. In addition they identified specific intracellular 

pathways in cells at different points of time for the different viruses. 

Herpes simplex, coxsackie B3 and human adenovirus 5 were selected. (Vero cells were used.) 

Paper 30 – Molecular Strategies Against Sulfur Mustard Toxicity 

LtCol. Dr. A. Korkmaz, Cdr. Dr. H. Yaren, Capt. Dr. Z. Kunak, Gulhane Military Medical Academy, et al 

(TUR)  

The authors provide a thorough overview of the latest knowledge of SM pathology especially at a molecular 

level. There are new insights as to the biomolecular damage done and the epigenetic damage or traces left. 

This may open for new therapeutic windows through epigenetic drugs. 
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SESSION 7    

Paper 31 – Multinational AirMedEvac-Crew Concept in NATO  

LtCol. Dr. C. Vogl, Maj. Dr. C. Strobl, German Air Force (DEU) 

NATO missions today more and more become multinational. This also takes place within more confound 

operations where cross-border regulations, operational procedures and equipment are different. This paper 

addresses the challenges, how they were solved, and the training period necessary to integrate a Dutch crew 

into the German AirMedEvac system. 

Paper 32 – Utilization of Level II Military Treatment Facilities Associated with Decreased Mortality 

Capt. J. Ritchie, Capt. M. Hardin, LtCol. C. White, et al, ISR (USA) 

A very important presentation informing of the statistically better outcome from surgical/hospital treatment at 

Role 2 facilities compared to Role 3 facilities. Same injury severity score (18 vs. 18). The cause-effect 

relationships are not clear but the extended use of FWB may be one factor, evacuation time another. The 

authors conclud that more studies are needed.  

Paper 33 – Joint Medical Distance Support and Evacuation - Joint Combat Casualty Care System Concept of 

Employment 

Dr. G. Gilbert, Mr. C. Manemeit, TATRC (USA) 

This paper presents another high tech futuristic (partly imminent?) system of Joint Medical Distance Support 

and Evacuation and Joint Precision Airdrop, to provide and augment diagnostic and treatment facilities in the 

combat zone. This is of course combined with transmittal systems of the monitored vital data. Operational 

demonstrations will provide further answers as to applicability. 

Killing Factors? 

Paper 34 – The Bundeswehr STRATAIRMEDEVAC System 

Col. Dr. F. Grell, German Air Transport Command (DEU) 

The author presents the conceptualization of the comprehensive German StratAirMedEvac system that has 

already proven itself on various occasions. 

Paper 35 – Development of a Dual-Mode, Noise-Immune Stethoscope for Combat Environments 

Mr. S. Brady, US Army Medical Materiel Agency, Maj. S. Gaydos, US Army Aeromedical Research 

Laboratory (USA) 

An interesting contribution to medical diagnostics. It has the potential to bridge the gap between diagnostic 

needs and possibilities during medical treatment in a noisy environment. Using electromechanical acoustic 

(passive) and ultra sound Doppler it may enable us to use a stethoscope also when noise reaches 90 dB and 

may be even up to 110 dB. Its ruggedness has been tested (humidity, temperature, vibration) but it still failed 

the drop test. It needs training to learn new sound principles, but otherwise new use of previously known 

technology. 
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SESSION 8 

Paper 36 – Operational Use of US Army Telemedicine Information Systems in Iraq and Afghanistan–

Considerations for NATO Operations 

Col. R. Poropatich, TATRC, LtCol. R. Lappan, Great Plains Regional Medical Command, Dr. D. Lam, 

TATRC, et al (USA) 

The US telemedicine consulting/diagnostic system has been expanded beyond teledermatology and includes 

now 19 medical and 7 dental specialty services.  6642 consultations  resulting in 85 avoided repatriations and 

activation of 265 repatriation it has been considered a success. 

In order to offer the same services to allies in the OEF and OIF legal and technical issues were addressed and 

February 2009 it was implemented for NATO. 

Multinationally the start was OK but died completely after 5 months.  The Human Factor as seen explicitly 

during HOTO is to blame as the concept was not part of the information conveyed to the successors. 

Paper 37 – Integrated Diagnostic and Treatment Devices for Enroute Critical Care of Patients Within Theater 

Mr. E. Abbot, Mr. R. Palmer, USAMMA (USA) 

En-route diagnostic and treatment devices have been given ample attention, especially by US military 

authorities. The key issue is that the 40% reduction in case fatality rate during 2001 and 2005 is attributed 

partly to the Forward Surgical Teams. This again results in DCS treated intensive care needing patients which 

are up for in theatre transport under tough conditions. Also en-route surveillance and monitoring is difficulty.  

Currently three devices are under evaluation and testing, namely a new LSTAT version (LS-1 or  MEDEX 

1000), LTM and the MOVES. 

Paper 38 – PAPER WITHDRAWN 

Paper 39 – Assessment of the need to Perform Life-Saving Interventions Using Comprehensive Analysis of 

the Electrocardiogram and Artificial Neural Networks 

Dr. A. Batchinsky, Dr. J. Salinas, ISR, et al (USA) 

To improve risk stratification and prognostics various efforts using Artificial Neural Networks (ANN) derived 

from traditional vital signs. E.g. decrease in Heart Rate Complexity occurs early during blood loss. 

Out of 24 variables calculated from and ECG, ANN chose 14 as independent predictors of the need for Life 

Saving Interventions.  

Paper 40 – Automated Decision-Support Technologies for Prehospital Care of Trauma Casualties 

Dr. J. Reifman, Dr. L. Chen, Dr. A. Reisner, Bioinformatics Cell, Telemedicine and Advanced Technology 

Research Center, U.S. Army Medical Research and Materiel Command, Fort Detrick (USA) 

This is another paper focusing on more comprehensive analysis of easy to get vital signs in order to come up 

with early warning signals of emerging problems. A Propaq monitor combined with a new hardware/software 

(APPRAISE) concluded that standard vital signs are reasonable predictors of major haemorrhage. 
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Paper 41 – Lightweight Noninvasive Trauma Monitor for Early Indication of Central Hypovolemia and 

Tissue Acidosis 

Dr. B. Soller, Reflectance Medical Inc., Dr. K. Ryan, Dr. V. Convertino, ISR (USA) 

During trauma and also intensive care, tissue acidosis has been an increasingly important indicator of poor 

oxygenation, independent of cause. Blood lactate tells us what has happened and indicates when surgery 

should be performed. This paper presents the results of muscular oxygen saturation (SmO2) measured by 

spectroscopic devices and also Stroke volume as a new non-invasive parameters to determine impending 

cardiovascular collapse. In this trial using LBNP, SmO2 and SV were better indicators than HR, MAP and 

SpO2.  

Paper 42 – On Ultra Wideband Wireless Body Area Network for Medical Applications 

Dr. J. Bergsland, Dr. I. Balasingham, dr. E. Fosse et al, Oslo University Hospital (NOR) 

Another wireless sensor networks development using both on and in-body sensors.  As such transmissions are 

vulnerable to interference from Wireless Local Area Networks or Bluetooth an Ultra wideband (UWB) has 

proven promising and can measure heart beat and respiration and track objects both on and in-body. This may 

facilitate patient monitoring especially during transport (both in and out of Hospital). 

Paper 43 – Telemicrobiology for Mission Support in the Field of Infectious Diseases 

LtCol. Dr. P. Scheid, Central Institute of the Bundeswehr Medical Service (DEU) 

This paper refers to several double blind tests on telemicrobiology and telemicroparasitology, which has 

proven reliable and the system has been implemented in four German military theatres and is now part of the 

standard telemedicine “family”. (Slogan: Exportation of expertise, not experts.) 

Paper 44 – Regenerative Medicine at Early Echelons: Changing Medical Care & Outcomes 

Dr. E. Lai, TATRC (USA) 

The paper takes us through the tissue repair process presenting the conceptual platform of regeneration and its 

further development. One result, like the SkinGun seems to give exciting possibilities to replace skin-grafting. 

Other objectives like adding regenerative tissue to the injury already at the point of injury will require a lot of 

debates. Such tissue hardly reaches to the fresh salvable tissue. However, later, at Level 3, this is less 

controversial. TE’s comment: Other methods as part of organogenesis could lead to a shift of paradigm, but 

currently not yet ready for the field. Well designed studies are necessary. 

Paper 45 – Medical Equipment Tele -and Condition- Based Maintenance With Enhanced Remote Diagnostic 

Access (RDA) and Computer Vision  

Mr. D. Van, Concepteers, LLC (USA) 

RDA would reduce the need for transporting extra people into the battlefield. Currently such maintenance 

requires skilled engineers at least as forward as Role 2.  Also, different equipment mostly needs different 

systems for technical testing and diagnosis. WHO also has stated that one out of 10 patients are subject to 

Health Care errors. Some of these may be due to non-maintained equipment. Another problem seems to be 

that both the High tech private provider and the High tech user (the military) have their classified worlds 

prohibiting exchange of insight and maintenance skills.  

Previous attempts of RDA have been unsuccessful also due to technical shortcoming. 
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Now the group has developed a new device, a teleconsole, multifunctional with ample options that seems 

promising to take on telemaintenance. 

Paper 46 – The Prospect of Tele-Medicine and Tele-Assistance in Bringing the Neurosurgeon Expertise to 

Medical Field Operations Worldwide 

Cdr. Dr. C. Schulz, Maj. R. Mathieu, LtCol. Dr. U-M. Mauer, et al, Military Hospital Ulm (DEU) 

Previous experience concluded that the neurosurgeon was very seldom needed in theatre. Consequently a 

system with essential training before deployment, combined with telemedicine assistance (orally?!) has been 

implemented in the German army. This provides a link between the orthopaedic surgeon in theatre and an 

neurosurgical expert at the home base. 

POSTER SESSION 

This session was seriously hampered by the volcanic eruption as most presenters could not arrive and the 

comments are based exclusively on the abstracts without any possibility to pose clarifying questions. 

Poster P-1 – Sound Spatialization for Medicine on the Battlefield: Applications and Constraints 15:50 

Dr. G. Andéol, Mr. D. Sarafian, Mr. L. Pellieux, Institut de Recherche Biomédicale des Armées (FRA) 

This presentation on 3D ultrasound converted into auditory functions enabling the investigators to interpret 

the acoustic sounds through a headset. Further results are needed to decide if this can replace or augment the 

visual presentation of ultra sound in the field (TEs’ comment). 

Poster P-2 – Current Constructs in Regenerative Medicine for the Craniomaxillofacial Injured Patient  

Maj. T. Austin, Dr. P. Brown-Baer, Col. R. Hale, ISR (USA) 

A very interesting poster on how degradable scaffolds impregnated with bioactive factors to promote 

osteogenesis for maxillofacial repair has been used successfully in an animal model.   

Poster P-3 – Veno-Venous Extracorporeal CO2 Removal: Can We Reduce Dependence on Mechanical 

Ventilation During En-route Care? 

Dr. A. Batchinsky, Mr. Bryan Jordan, Dr. D. Regn, et al, ISR (USA) 

An interesting device which probably originates from the other extra-corporeal lung devices developed for 

critically ill intensive care patients. It partially decouples CO2 ventilation from Oxygenation. Its rationale is 

said to be treatment of Acute Lung Injuries (ALI) combined with reduced oxygen expenditure. Since CO2 

diffuses 20 times quicker than O2 through the alveolar wall, the future use needs to be properly conceived. If 

it can reduce FiO2 during ventilation because of prolonged end-inspiratory time and therefore diffusion time, 

this device may be another armamentarium for ICU patients. Since the introduction of room air transport 

ventilators, it remains to be seen to what extent this will add anything to the combat casualty care.  Basic rules 

currently demand potential ALI or multi-organ failure patients (incl. burns) to be transported in the 48 hour 

window between injury and potential MOF. 
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Poster P-4 – Development of Portable Exoskeleton Devices for Rehabilitation/Assistance in the Field 

Dr. T. Broderick, Dr. C. Carignan, Dr. S. Cardin, Ms. A. Fisher, TATRC (USA)  

In addition to informing that shoulder dislocation is 20 times higher in the military than in the civilian 

population, this poster describes how an external “skeleton” can help the patient during the recovery phase, 

limit the work of the physiotherapist and actually bring the patient faster back to duty. 

Poster P-5 – Treatment of Refractory Fever in the Burn Intensive Care Unit With an Intravascular Temperature 

Management Catheter 

Dr. J. Hansen, Dr. P. DeSocio, Dr. C. Maani, Ms. M. Morrow, et al, ISR (USA) 

This paper is first and foremost addressing the problem of unwanted hyperthermia and how too cool down a 

patient. The poster elaborates on internal central venous devices to function more like “thermostat+ cooling 

device”. The device can simultaneously be used for i.v. fluid. 

Poster P-6 – Prospects for Continuous Care: The Medex 1000™ “Suitcase Intensive Care Unit” 

Mr. D. Janney, Dr. M. Hanson, Integrated Medical Systems Inc. (USA) 

Presents MedEx1000 system which is an integrated system soon to be fielded medical relevant technology to 

meet current shortfalls in NATO military medical operations. Emphasis is on interoperability with all future 

projects like close loop, and unmanned vehicles. Supposedly the only CE-cleared fully integrated medical 

suite available on the market today.  

TE's comment: CE-clearance is basically a guarantee for quality. In a field setting it also introduces obstacles 

as it can reduce flexibility, adaptability and ruggedness. 

Poster P-7 – COMBINED with DEMO 3: “Back to the Future” – The Digital Pen and Paper (DPP) 

Col. Dr. M. Helm, LtCol. J. Hauke, Federal Armed Forces Medical Centre Ulm (DEU) 

No compatible document. 

Poster P-8 – The Bundeswehr STRATAIRMEDEVAC System 

Col. Dr. F. Grell, LtCol. Dr. Körner, Maj. Dr. Strobl, German Air Transport Command (DEU) 

A full manuscript has been delivered for oral presentation. 

Poster P-9 – The Multidrug-resistant Organism Repository and Surveillance Network (MRSN): the Army’s 

Response to the Antibiotic Resistance Crisis 

Dr. E. Lesho, Walter Reed Army Institute of Research (USA) 

The poster addresses the problem of increasing infections. This new surveillance and monitoring network 

functions also as a repository and is expected to reduce infections. (For war surgery this must be coupled to 

the trauma registry as the surgical performance has previously proven key to wound infections. International 

Committee of Red Cross. (TE’s comment).)  

Poster P-10 – Advanced Airway Management in Combat Casualties by Medics at The Point of Injury: A Sub-

Group Analysis of the Reach Study 

Maj. R. Mabry, AMEDDC&S, Capt. P. Cuniowski, BAMC, Dr. Alan Frankfurt, et al (USA) 
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Lists how airways of 20 patients, dead on arrival or dying, were managed. Twelve had oesophagotracheal 

devices, four had endotracheal tube, three had cricothyreotomy and one had a laryngeal mask. At least 18 

patients had GCS of 3. One had GCS of 5. All 17 who died before transfer had GCS of 3. Only one patient 

survived (neck haemathoma). This patients GCS is not given. Two evacuees were lost to follow up. 

Poster P-11 – Automatic Monitoring of Gut Function & Inflow Control for Safer Enteral Nutrition After 

Trauma 

Dr. G. Moss, Rensselaer Polytechnic Institute (USA) 

This poster addresses more controlled but “aggressive “feeding of patients after trauma. They have previous 

good clinical experience with this and now also based this on an animal randomized model, where the GI fed 

dogs had shorter recovery and doubled wound bursting strength compared to the controls. (This is in concert 

with the practice at the Burn Unit at Rambam University Hospital, Haifa in Israel in the 1970’s. TE’s 

comment.) 

Poster P-12 – Infection-Associated Clinical Outcomes in Hospitalized Medical Evacuees following 

Traumatic Injury- Trauma Infectious Disease Outcome Study (TIDOS) 

LtCol. C. Murray, San Antonio Military Medical Center; LtCol. N. Conger, Landstuhl Regional Medical 

Center; Col. S. Fraser, Walter Reed Army Medical Center, et al, (USA) 

This appears to be a narrative description of how Infectious Diseases and especially Trauma Infectious 

Diseases will be studied and evaluated/analyzed based on the existing figures and data from the JTTR. One 

key question is why the ID increases as the wounded patients move from lower to higher echelons. 

Poster P-13 – Current Practice of Thermoregulation during the Transport of Combat Wounded 

Capt. M. Nesbitt, Capt. P. Allen, BAMC, LtCol. A. Beekley, Uniformed Services University of the Health 

Sciences (USU), et al (USA) 

This paper states how Clinical Practical Guidelines (CPG) has reduced the incidence of hypothermia. (Other 

statements in this poster seem not to be in full concert with paper 16 in the oral session. TE’s comment.) 

Poster P-14 – New Stereoscopic Technologies for Practice and Formation to Chirurgical Gesture: Usage 

Limits 

Asp. P. Neveu, Dr. A-E. Priot, Capt. M. Philippe, et al, Institut de Recherche Biomédicale des Armées (FRA) 

This abstract suffers from the absence of the poster and the possibility to ask clarifying questions. 

Poster P-15 – Surgical Management of Open Fracture of the Limbs by External Fixation and Minimal 

Internal Fixation 

Maj. Dr. Y. Baudouin, LCdr. Dr. M. Nguyen, Prof. M. Levadoux, , et al, HIA St Anne (FRA) 

Results of combining external plus minimal internal fixation of fractures in 17 patients are presented.  

Mechanism of injury is not presented. Two deep and five superficial infections. 

Poster P-16 – Flexible Strain Sensing Surface Based on Fiber Optic Sensors for Application in Orthopedic 

Biomechanics and Rehabilitation 

Dr. G. Papaioannou, Dr. G.Kanellos, Dr. N. Pleros, et al, Wisconsin Institute for Biomedical Health 

Technologies (USA) 
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This paper demonstrates how new technology is applied to already well established treatment. Based on 

measurements of the strain and load on the prostethic device through biosensors, monitoring will assist in 

adjusting and improving the prosthesis for the patients concerned. 

Poster P-17 – Towards a Novel “SMARTsocket” Design for Lower Extremity Amputees 

Dr. G. Papaioannou, Mr. C. Mitrogiannis, Mr. George Nianios, et al, Wisconsin Institute for Biomedical 

Health Technologies (USA) 

This Smart socket provides a three dimensional stereogram enabling better prosthesis production.  

Poster P-18 – Advantages of Telemedicine & Endoscopy in Military Operations 

Mr. D. Pickles, Karl Storz Endoscopy GmbH (DEU) 

Subtitle is “To save Lives, Time and Money”. TE’s comments: The subtitle tells me that the outcome is taken 

for granted. Better information is needed how the practice of telemedicine through endoscopy will assist in 

difficult treatment and intubation. The tele-connection of nearly every part of the world is not yet the same as 

timely assistance in difficult patients. 

Poster P-19 – Device and Method for Internal Tamponade of Noncompressible Hemorrhage Due to 

Penetrating Trauma: Device Description and Live Tissue Ballistic Testing  

Dr. M. Ramsey, Cardio Command, Inc. (USA) 

The presenter describes a device that, inserted into the shoulder/axilla or the pelvis/groin area, can be 

insufflated and stop non-compressible bleeding. (TE’s comment: What about standard internal deep wound 

packing and what about the nomenclature? A bleeding that actually stops on compression, is that a non-

compressible bleeding?)  

Poster P-20 – FINSS: A Field-Deployable, Integrated Neuropsychiatric Support System 

Prof. P. Rapp, USU; Dr. J. Kimura, Sensorium Inc, Dr. C. Cellucci, Aquinas LLC, et al (USA) 

This device represents significant improvements, both with regard to integrated systems and to portable 

systems for neuro- and electroencephalography, amalgamating several functions into one device with the size 

of a shoebox. It may be relevant for normal neuropsychiatry examination, but will also address the latest 

theories of PTSD and monitor encephalographic development. To what extent this will improve diagnostics 

and treatment remains to be seen. The devise is certainly intriguing. 

Poster P-21 – Continuous Doppler Ultrasound-Monitoring in Infrainguinal Bypass Procedures of Combat 

Vascular Injuries 

LtCol. C. Richter, T. Böckenfeld, M. Vogelpohle, et al, Federal Armed Forces Hospital Ulm (DEU) 

This group presents a system for continuous Doppler ultrasound monitoring which supposedly functions also 

in the hands of inexperienced surgeon.  Narrative only. 

Poster P-22 – Computerized Decision Support System for Burn Resuscitation Improves Outcomes in Burn 

Patients 

Dr. J. Salinas, ISR, Dr. G. Kramer, University of Texas Medical Branch, Maj. K. Chung, et al, ISR (USA) 

A very educating paper and very important if confirmed in more studies. Computerized fluid treatment proved 

to result in lower mortality during the first 48 hours and also reduced the fluid given. (TE’s comment: 
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Assuming they aim at 0.5 ml/kg/hour urinary output (not stated) this informs us how correct this indicator is 

for renal physiology. It also tells us how fragile human body is to unbalanced fluid therapy during the 

pathophysiological process that a burn constitutes when TBSA>20%.  Does the same apply to trauma after 

haemorrhage control?) 

Poster P-23 – Machine Learning Techniques Effectively Predict Need for Life Saving Interventions in 

Trauma Patients 

Dr. J. Salinas, M. Doderer, Col. L. Cancio, et al, ISR (USA) 

This abstract would have benefited from more detailed explanation by the authors. However, it seems that it 

underlines the benefit of combined clinical inputs and electronic inputs from monitoring into an artificial 

neural network (ANN) thereby producing better predictability of the need for life support interventions. 

Poster P-24 – New Advances to Improve Haemorrhage Control in Role3 and Role2 Settings 

Dr. A. Schubert, Pentapharm GmbH (DEU) 

Thromboelastograms have reemerged as important monitors for haemorrhagic coagulopathy. This abstracts 

inform about a ruggedised unit capable of functioning under harsh conditions also in Role 2 settings. 

Poster P-25 – High Strength BioCompatible, Hemostatic Tissue Adhesive 

Dr. L. Shecterle, Dr. J.A. St.Cyr, LCTA, Inc. (USA) 

The authors advocate for a new haemostatic tissue adhesive, which does not need to be removed. Unfortunately 

it is only compared to BioGlue and not to traditional liver packing or abdominal packing. However, the results 

presented are very promising. A better description of the HSBC and how to apply it is needed. 

Poster P-26 – Use of Mirror and Virtual Realty Therapy for Amputee Rehabilitation 

Cdr. J. Tsao, US Navy Bureau of Medicine and Surgery,Mrs. S. Weeks, Col. P. Pasquina, WRAMC (USA)  

This poster had an interesting message. The use of a mirror, combined with an active approach to move both 

the intact extremity and attempting to move the Phantom extremity, reduced the phantom pain substantially 

compared to other therapies. P<0,002 and 0.04 compared to two respective control groups. Further details 

must be presented at the next cross road. 

Poster P-27 – Current U.S. Military Operations and Implications for Military Surgical Training 

Dr. J. Tyler, Dr. K. Clive, Dr. C. Whit, ISR, et al (USA) 

This poster can be regarded more like an audit comparing the surgical interventions from the Combat Support 

Hospital in Baghdad, Iraq (OIF) with the surgical interventions and procedures that the residents had logged 

during their training period. Some crucial shortcomings were discovered and these were recommended 

overcome by cadaver studies and training on animal models. 

Poster P-28 – POSTER WITHDRAWN 

 

Poster P-29 – The Apache II Score for Lethality Prognosis Can Explain why 4 Severe Wounded Soldiers in 

Afghanistan Are Not Dead Regarding to the Need of Highly Trained Personnel and Sophisticated Medical 

Equipment During Strategic Aeromedical Evacuation  

Maj. M. Vahid Dastgerthi, German Armed Forces Central Hospital (DEU) 
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The TE’s final conclusion on this poster, which was demonstrated during the symposium, is that there is a 

discrepancy between the severity scores and the final outcome. It was difficult to decide if this was related to 

wrong scoring, insufficiency of the scoring system, exceptionally competent treatment or just random 

variation. 

Poster P-30 – POSTER WITHDRAWN 

 

Poster P-31 – A Portable 3D Ultrasound Telemedicine System 

Dr. G. Sakas, Fraunhofer IGD (DEU), Dr. S. Stergiopoulos, Dr. P.Shek, Defence Research & Development 

(CAN) 

A 2D and 3D ultrasound machine, compact and portable with all possibilities for direct external 

communication is presented. It may prove beneficial in several scenarios like on ships, in isolated 

environments or otherwise devastated areas. 
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07:30 Registration


08:15 Speaker Briefing


09:00 Administrative Announcements, Opening Ceremony, and
Welcoming Address
LtGen. K-B. Nakath, Surgeon General of the Bundeswehr
and Chief of Medical Service Staff, (DEU) et al


09:30 KN1 Meeting the Challenges of Medical Support on Current
NATO Operations
BGen. R. Cordell, Medical Advisor, SHAPE (GBR)


10:00 Break


SESSION 1 - ADVANCED TECHNOLOGIES IN MEDICAL FIELD
OPERATIONS—CURRENT RESEARCH EFFORTS


Chair - E. Roedig (DEU) - D. Hack (USA)


10:30 1 Point-of-Injury Care in Expeditionary Medicine
Cdr. J. Patrey, Mr. W. Sobotka, Dr. J. Lytle, et al, Office of
Naval Research (USA)


10:50 2 Advanced Product Development for Combat Casualty Care
at the US Army Institute of Surgical Research
Dr. D. Baer, Dr. M. Dubick,  Dr. J. Wenke, et al, US Army
Institute of Surgical Research, ISR (USA)


11:10 3 US Department of Defense Research in Robotic Unmanned
Systems for Combat Casualty Care
Dr. G. Gilbert, Telemedicine and Advanced Technology
Research Center, TATRC, (USA)


11:30 Lunch


13:00 KN2 Medical Challenges in the Centcom Aor: From Trauma to
Influenza
Col. R. Erickson, Command Surgeon, US Central Command,
CENTCOM (USA)


13:30 4 Robotics and Unmanned Systems - "Game Changers" for
Combat Medical Missions
Mr. M. Beebe, Dr. G. Gilbert, TATRC (USA)


13:50 5 Distributed Automated Medical Robotics to Improve
Medical Field Operations
Dr. T. Broderick, Dr. C. Carignan, TATRC (USA)


14:10 6 Human Systems Integration in Expeditionary Medical
Treatment Facilities
LtCol. V. Martindale, AF Human Systems Integration
OfficeDr. D. Folds, Georgia Tech. Research Institute,
(USA)


14:30 7 Implementation and Dissemination of a Military Trauma
System: Utilizing Medical Lessons Learned from the
Battlefield
Col. B. Eastridge, Col. G. Costanzo, Mrs. Mary Ann Spott,
Col. L. Blackbourne, ISR (USA)


14:50 Break


SESSION 2 - MEDICAL TRAINING AND INFORMATION
TECHNOLOGIES


Chair - J. Varandas (PRT)  -  P. Marth (DEU)


15:20 8 The Integration of The Medical Service into the Principle of
Network Enabled Operations (NEO)
Col. S. Kowitz, Bundeswehr Medical Office (DEU)


15:40 9 Medical Regulation Concept for Forward Field Casualty
Management Based on an Information System
Dr. A. Puidupin, Mr. W. Guessard, Mr. R. Besses, et al,
Service de Santé des Armées (FRA)


16:00 10 The Best Path For Blood Management Software: From Idea
to Prototype to a Deployable Solution
Dr. M. Trujillo, CAMRIS International, Maj. I. Hauge,
USAF Human Effectiveness Directorate, (USA)


16:20 11 A New Era in Medical Training Through Simulation-Based
Training Systems
Mr. J. Magee, TATRC (USA)


16:40 12 Using Advanced Prosthetics for Stress Inoculation Training
and to Teach Life Saving Skills
Dr. M. Wiederhold, Dr. B. Wiederhold, Ms. A. Salva, The
Virtual Reality Medical Center (USA)


13 PAPER WITHDRAWN


17:00 Discussion


17:10 End of day one


17:10 to 20:00
Set up Posters and Demonstrations


19:30 to 21:00: Reception at the Town Hall by the Mayor of Essen


Tuesday 20 April 2010


SESSION 3 - IN-FIELD CRITICAL CARE TECHNOLOGIES


Chair - E. Roedig (DEU) -  D. Lam (USA)


08:30 14 Pain Management in Trauma Care
LtCol. Dr. M. Helm, Prof. L. Lampl, Federal Armed Forces
Hospital, (DEU)


08:50 15 Virtual Reality: An Emerging Tool to Treat Pain
Dr. J-L. Belard, TATRC, Dr. H. Hoffman, University of
Washington, Col. K. Gaylord, ISR, et al (USA)


09:10 16 Preventing Hypothermia: A Comparison of Current Devices
Used by the US Army with an In Vitro Warmed Saline
Model
Capt. P. Allen, S. Salyer, Brooke Army Medical Center
(BAMC), Dr. M. Dubick, ISR, et al (USA)


09:30 17 Modern Initial Management Of Severe Limbs Trauma In
War Surgery: Orthopedic Damage Control
BGen I. Ausset, Prof. M. Levadoux, LCdr. Dr. M.K.
Nguyen, Lt. Dr. Y. Baudouin, et al, HIA St Anne, (FRA)


09:50 18 US Army Oxygen Generation System Development
Mr. M. Arnold, US Army Medical Materiel Agency,
USAMMA (USA)


10:10 Break


SESSION 4 - HEMORRHAGE CONTROL, BLOOD PRODUCTS, AND
RESUSCITATION TECHNOLOGIES


Chair - D. Hack (USA) - E. Fosse (NOR)


10:40 19 Combat Damage Control Resuscitation: Today and
Tomorrow
Col. L. Blackbourne, Commander, ISR (USA)


11:00 20 Hemorrhage Control in the German Army – Lessons
Learned
Dr. Madei, Federal Armed Forces Medical Academy (DEU)


11:20 21 New Technologies for Treating Severe Bleeding in Far-
Forward Combat Areas
Dr. M. Dubick, Dr. B. Kheirabadi, ISR (USA)


11:40 22 Inhibition of Platelet Aggregation by Supernates from Stored
Packed Red Blood Cells
Dr. S. McFaul, Walter Reed Army Institute of Research, Lt.
F. Mattheu, Navy Regional Blood Center Great Lakes (USA)


12:00 Lunch


13:30 23 Use of Advanced Machine-Learning Techniques for Non-
Invasive Monitoring of Hemorrhage
Dr. V. Convertino, ISR, Dr. S. Moulton, Dr. G. Grudic,
University of Colorado, et al (USA)


13:40 24 Pathogen Reduction of Fresh Whole Blood for Military and
Civilian Use
Dr. R. Goodrich, Dr H. Reddy, S. Doane, et al, CaridianBCT
Biotechnologies, LLC (USA)


14:00 25 Comparison of Hemostatic Efficacy of ChitoGauze and
Combat Gauze in a Lethal Femoral Arterial Injury in Swine
Model
Dr. K. Real, Dr. L. Buckley, HemCon Med. Tech. Inc., Dr. J.
Teach, Dr.H. Xie, Oregon Medical Laser Center , et al(USA)


14:20 26 Hypertonic Saline Dextran (HSD) in a Complex Military
Injury – A Preclinical Study
Dr S. Watts, Maj. J. Granville-Chapman,Dstl Porton Down,
Surg.Capt. M. Midwinter, et al, Royal Centre for Defence
Medicine (GBR)


SESSION 5 - POSTER PRESENTATIONS & DEMONSTRATIONS
from 14:40 to 15:40
(open entire day)


P-1 Sound Spatialization for Medicine on the Battlefield:
Applications and Constraints


15:50
Dr. G. Andéol, Mr. D. Sarafian, Mr. L. Pellieux, Institut de
Recherche Biomédicale des Armées (FRA)


P-2 Current Constructs in Regenerative Medicine for the
Craniomaxillofacial Injured Patient
Maj. T. Austin, Dr. P. Brown-Baer, Col. R. Hale, ISR (USA)







P-3 Veno-Venous Extracorporeal CO2 Removal: Can We
Reduce Dependence on Mechanical Ventilation During En-
route Care?
Dr. A. Batchinsky, Mr. Bryan Jordan, Dr. D. Regn, et al,
ISR (USA)


P-4 Development of Portable Exoskeleton Devices for
Rehabilitation/Assistance in the Field
Dr. T. Broderick, Dr. C. Carignan, Dr. S. Cardin, Ms. A.
Fisher, TATRC (USA)


P-5 Treatment of Refractory Fever in the Burn Intensive Care
Unit With an Intravascular Temperature Management
Catheter
Dr. J. Hansen, Dr. P.  DeSocio, Dr. C. Maani, Ms. M.
Morrow, et al, ISR (USA)


P-6 Prospects for Continuous Care: The Medex 1000™
“Suitcase Intensive Care Unit”
Mr. D. Janney, Dr. M. Hanson, Integrated Medical Systems
Inc. (USA)


P-7 COMBINED with DEMO 3: “Back to the Future” - The
Digital Pen and Paper (DPP)
Col. Dr. M. Helm, LtCol. J. Hauke, Federal Armed Forces
Medical Centre Ulm (DEU)


P-8 The Bundeswehr STRATAIRMEDEVAC System
Col. Dr. F. Grell, LtCol. Dr. Körner, Maj. Dr. Strobl,
German Air Transport Command (DEU)


P-9 The Multidrug-resistant Organism Repository and
Surveillance Network (MRSN): the Army’s Response to the
Antibiotic Resistance Crisis
Dr. E. Lesho, Walter Reed Army Institute of Research
(USA)


P-10 Advanced Airway Management in Combat Casualties by
Medics at The Point of Injury:  A Sub-Group Analysis of the
Reach Study
Maj. R. Mabry, AMEDDC&S, Capt. P. Cuniowski, BAMC,
Dr. Alan Frankfurt, et al (USA)


P-11 Automatic Monitoring of Gut Function & Inflow Control for
Safer Enteral Nutrition After Trauma
Dr. G. Moss, Rensselaer Polytechnic Institute (USA)


P-12 Infection-Associated Clinical Outcomes in Hospitalized
Medical Evacuees following Traumatic Injury- Trauma
Infectious Disease Outcome Study (TIDOS)
LtCol. C. Murray, San Antonio Military Medical Center;
LtCol. N. Conger, Landstuhl Regional Medical Center; Col.
S. Fraser, Walter Reed Army Medical Center, et al, (USA)


P-13 Current Practice of Thermoregulation during the Transport
of Combat Wounded
Capt. M. Nesbitt, Capt. P. Allen, BAMC, LtCol. A. Beekley,
Uniformed Services University of the Health Sciences
(USU), et al (USA)


P-14 New Stereoscopic Technologies for Practice and Formation
to Chirurgical Gesture: Usage Limits
Asp. P. Neveu, Dr. A-E. Priot, Capt. M. Philippe, et al,
Institut de Recherche Biomédicale des Armées (FRA)


P-15 Surgical Management of Open Fracture of the Limbs by
External Fixation and Minimal Internal Fixation
Maj. Dr. Y. Baudouin, LCdr. Dr. M. Nguyen, Prof. M.
Levadoux, , et al, HIA St Anne (FRA)


P-16 Flexible Strain Sensing Surface Based on Fiber Optic
Sensors for Application in Orthopedic Biomechanics and
Rehabilitation
Dr. G. Papaioannou, Dr. G.Kanellos, Dr. N. Pleros, et al,
Wisconsin Institute for Biomedical Health Technologies
(USA)


P-17 Towards a Novel “SMARTsocket” Design for Lower
Extremity Amputees
Dr. G. Papaioannou, Mr. C. Mitrogiannis, Mr. George
Nianios, et al, Wisconsin Institute for Biomedical Health
Technologies (USA)


P-18 Advantages of Telemedicine & Endoscopy in Military
Operations
Mr. D. Pickles, Karl Storz Endoscopy GmbH (DEU)


P-19 Device and Method for Internal Tamponade of
Noncompressible Hemorrhage Due to Penetrating Trauma:
Device Description and Live Tissue Ballistic Testing
Dr. M. Ramsey, Cardio Command, Inc. (USA)


P-20 FINSS: A Field-Deployable, Integrated Neuropsychiatric
Support System
Prof. P. Rapp, USU; Dr. J. Kimura, Sensorium Inc, Dr. C.
Cellucci, Aquinas LLC, et al (USA)


P-21 Continuous Doppler Ultrasound-Monitoring In Infrainguinal
Bypass Procedures Of Combat Vascular Injuries
LtCol. C. Richter, T. Böckenfeld, M. Vogelpohle, et al,
Federal Armed Forces Hospital Ulm (DEU)


P-22 Computerized Decision Support System for Burn
Resuscitation Improves Outcomes in Burn Patients
Dr. J. Salinas, ISR, Dr. G. Kramer, University of Texas
Medical Branch, Maj. K. Chung, et al, ISR (USA)


P-23 Machine Learning Techniques Effectively Predict Need for
Life Saving Interventions in Trauma Patients
Dr. J. Salinas, M. Doderer, Col. L. Cancio, et al, ISR (USA)


P-24 New Advances to Improve Haemorrhage Control in Role3
and Role2 Settings
Dr. A. Schubert, Pentapharm GmbH (DEU)


P-25 High Strength BioCompatible, Hemostatic Tissue Adhesive
Dr. L. Shecterle, Dr. J.A. St.Cyr, LCTA, Inc. (USA)


P-26 Use of Mirror and Virtual Realty Therapy for Amputee
Rehabilitation
Cdr. J. Tsao, US Navy Bureau of Medicine and Surgery,Mrs.
S. Weeks, Col. P. Pasquina, WRAMC (USA)


P-27 Current U.S. Military Operations and Implications for
Military Surgical Training
Dr. J. Tyler, Dr. K. Clive, Dr. C. Whit, ISR, et al (USA)


P-28 Poster Withdrawn


P-29 The Apache II Score for Lethality Prognosis Can Explain
why 4 Severe Wounded Soldiers in Afghanistan Are Not
Dead Regarding to the Need of Highly Trained Personnel
and Sophisticated Medical Equipment During Strategic
Aeromedical Evacuation
Maj. M. Vahid Dastgerthi, German Armed Forces Central
Hospital (DEU)


P-30 Poster Withdrawn


P-31 A Portable 3D Ultrasound Telemedicine System
Dr. G. Sakas, Fraunhofer IGD (DEU), Dr. S. Stergiopoulos,
Dr. P.Shek, Defence Research & Development (CAN)


D-1 Sound Spatialization for Medicine on the Battlefield:
Applications and Constraints
Dr. G. Andéol, Mr. D. Sarafian, Mr. L. Pellieux, Institut de
Recherche Biomédicale des Armées (FRA)


D-2 Prospects for Continuous Care: The LS-1 “Suitcase Intensive
Care Unit”
Mr. D. Janney, Dr. M. Hanson, Integrated Medical Systems
Inc. (USA)


D-3 “Back to the Future” - The Digital Pen And Paper (DPP)
LtCol. Dr. M. Helm, LtCol. J. Hauke, Federal Armed Forces
Medical Centre Ulm (DEU)


D-4 The Bundeswehr STRATAIRMEDEVAC System
LtCol. Dr. Körner, Maj. Dr. Strobl, German Air Transport
Command (DEU)


D-5 DEMO WITHDRAWN


D-6 Telemedicine & Endoscopy
Mr. D. Pickles, Karl Storz Endoscopy GmbH (DEU)


D-7 Bundeswehr Telemicrobiology System
LtCol. Dr. P. Scheid, Central Institute of the Bundeswehr
Medical Service (DEU)


D-8 Portable 3D/4D Ultrasound Diagnostic Imaging System
(PUDIS)
Dr. S. Stergiopoulos, Dr. P. Shek, Defence Research and
Development (CAN)


D-9 A Portable 3D Ultrasound Telemedicine System
Dr. G. Sakas, Fraunhofer IGD (DEU), Dr. S. Stergiopoulos,
Dr. P. Shek, Defence Research & Development (CAN)


D-10 Standoff Remote Triage Sensor Array for Robotic Casualty
Extraction System
Dr. P. Cox, Perl Research, Dr. S. Cardin, TATRC (USA)


D-11 Autonomous Robotic Casualty Extraction
A. Mor, Qinetiq; Dr. G. Gilbert, TATRC (USA)


D-12 Pathogen Inactivation System, Transportable Pathogen
Reduction Blood Safety System
Dr. R. Goodrich, Caridian BCT, Mr. W. Malloy, TATRC
(USA)


D-13 Medical Simulation-Based Training System for Rapid
Trauma Skills Training
Dr. R. Buckman, Operative Experience,  Mr. H. Magee,
TATRC (USA)


D-14 High-resolution Head Mount Display
Dr. I. Wacyk, eMagin, Mr. H. Magee, TATRC (USA)


D-15 Common Platform Simulation System
Dr. K. Reinig, Touch of Life; Mr. H. Magee, TATRC (USA)


D-16 External Fixation Device for Military Missions Overseas:
The French Experience
Maj. Dr. J. Baudouin, Teaching Naval Hospital St Anne
(FRA)


SESSION 6 - IMAGING AND LABORATORY TECHNOLOGIES


Chair - E. Fosse (NOR) - J. Varandas (PRT)


15:40 27 Portable 3d/4d Ultrasound Diagnostic Imaging System
(PUDIS)
Dr. S. Stergiopoulos, Dr. P. Shek, Defence Research and
Development (CAN)







16:00 28 Terra Incognita: Current and Potential Uses of Optical
Spectroscopy for Combat Casualty Care
Dr. A. Pacifico, TATRC (USA)


16:20 29 Cell Biosensors: Rapid Detection and Identification of
Pathogens Using FTIR Microspectroscopic Spectra
Dr. J. Ward, Dr. J. Hilliard, Georgia State University, et al
(USA)


16:40 30 Molecular Strategies Against Sulfur Mustard Toxicity
LtCol. Dr. A. Korkmaz, Cdr. Dr. H. Yaren, Capt. Dr. Z.
Kunak, Gulhane Military Medical Academy, et al  (TUR)


17:00 End of day two


Wednesday 21 April 2010


SESSION 7 - EVACUATION SUPPORT TECHNOLOGIES


Chair - E. Roedig (DEU) - D. Lam (USA)


08:30 31 Multinational AirMedEvac-Crew Concept in NATO
LtCol. Dr. C. Vogl, Maj. Dr. C. Strobl, German Air Force
(DEU)


08:50 32 Utilization of Level II Military Treatment Facilities
Associated with Decreased Mortality
Capt. J. Ritchie, Capt. M. Hardin, LtCol. C. White, et al, ISR
(USA)


09:10 33 Joint Medical Distance Support and Evacuation - Joint
Combat Casualty Care System Concept of Employment
Dr. G. Gilbert, Mr. C. Manemeit, TATRC (USA)


09:30 34 The Bundeswehr STRATAIRMEDEVAC System
Col. Dr. F. Grell, German Air Transport Command (DEU)


09:50 35 Development of a Dual-Mode, Noise-Immune Stethoscope
for Combat Environments
Mr. S. Brady, US Army Medical Materiel Agency, Maj. S.
Gaydos, US Army Aeromedical Research Laboratory,
(USA)


10:10 Break


SESSION 8 - MONITORING AND TREATMENT TECHNOLOGIES


Chair - D. Lam (USA) - P. Marth (DEU)


10:40 36 Operational Use of US Army Telemedicine Information
Systems in Iraq and Afghanistan–Considerations for NATO
Operations
Col. R. Poropatich, TATRC, LtCol. R. Lappan, Great Plains
Regional Medical Command,  Dr. D. Lam, TATRC, et al
(USA)


11:00 37 Integrated Diagnostic and Treatment Devices for Enroute
Critical Care of Patients Within Theater
Mr. E. Abbot, Mr. R. Palmer, USAMMA (USA)


38 PAPER WITHDRAWN


11:20 39 Assessment of the need to Perform Life-Saving Interventions
Using Comprehensive Analysis of the Electrocardiogram
and Artificial Neural Networks
Dr. A. Batchinsky, Dr. J. Salinas, ISR, et al (USA)


11:40 40 Automated Decision-Support Technologies for Prehospital
Care of Trauma Casualties
Dr. J. Reifman, Dr. L. Chen, Dr. A. Reisner, Bioinformatics
Cell, Telemedicine and Advanced Technology Research
Center, U.S. Army Medical Research and Materiel
Command, Fort Detrick (USA)


12:00 Lunch


13:30 41 Lightweight Noninvasive Trauma Monitor for Early
Indication of Central Hypovolemia and Tissue Acidosis
Dr. B. Soller, Reflectance Medical Inc., Dr. K. Ryan, Dr. V.
Convertino, ISR (USA)


13:50 42 On Ultra Wideband Wireless Body Area Network for
Medical Applications
Dr. J. Bergsland, Dr. I. Balasingham, et al, Oslo University
Hospital (NOR)


14:10 43 Telemicrobiology for Mission Support in the Field of
Infectious Diseases
LtCol. Dr. P. Scheid, Central Institute of the Bundeswehr
Medical Service (DEU)


14:30 44 Regenerative Medicine At Early Echelons: Changing
Medical Care & Outcomes
Dr. E. Lai, TATRC (USA)


14:50 Break


15:20 45 Medical Equipment Tele -and Condition- Based
Maintenance With Enhanced Remote Diagnostic Access
(RDA) and Computer Vision
Mr. D. Van, Concepteers, LLC (USA)


15:40 46 The Prospect of Tele-Medicine and Tele-Assistance in
Bringing the Neurosurgeon Expertise to Medical Field
Operations Worldwide
Cdr. Dr. C. Schulz, Maj. R. Mathieu, LtCol. Dr. U-M.
Mauer, et al, Military Hospital Ulm (DEU)


16:00 TECHNICAL EVALUATION REPORT
Col. Knut Ole Sundnes, Norwegian Joint Medical Service
(NOR)


16:20 Closing Remarks


16:40 End of Symposium


19:00 Symposium Dinner and Poster Awards


 
     


 
 
 


For more information, 
Please visit the following web sites: 


 
 
 
 


http://www.nato.int 
 


 
 
 


http://www.rta.nato.int 
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Abstract


The Office of Naval Research (ONR) is engaged intensively in the research of technologies that will ultimately provide superior combat casualty care to front-line care givers. Current tactical operations and future predicted operations will continue to rely on the concept of distributed operations supported by combat infantry and special operations units. These units will continue to be dispersed far from traditional logistic support bases and tails; to include compensatory medical support. As a result, front-line care givers, those critical independent corpsmen will continue to play an integral and vital role in sustaining quality combat casualty care. It is therefore imperative that organizations such as ONR, in unison with the Navy Bureau of Medicine (BUMED), Navy Expeditionary Combat Command (NECC), and Marine Corps System Command (MCSC), continue to deliver medical life sustaining technologies. Technologies currently being pursued by ONR include strategies and techniques for effective combat casualty care treatments, medical planning tools to support combat operations, and mechanisms to provide rapid non-invasive diagnoses.


Treatment

Control Internal Haemorrhaging

Uncontrolled bleeding results in 90% mortality within the first hour of injury on the battlefield and remains the leading cause of preventable death. Mortality associated with this type of trauma only increases over time as a result of prolonged evacuation time. ONR is developing a fibrin gauze product which will significantly improve the ability to stop blood loss following a vascular injury. A key factor in getting blood to clot is the conversion of the plasma protein fibrinogen into fibrin fibers. These fibers activate other clotting factors and are what give the clot strength and stability. Serious wounds can lead to rates of bleeding beyond the ability of natural clotting agents to control bleeding. The product being developed uses an innovative synthetic silica nanofiber material which can activate clotting via both the intrinsic and extrinsic pathways, Additionally, it does not generate heat, mimics the size and structure of natural fibrin strands, dissolves in the body to non-toxic by-products, and provides a flexible platform to facilitate application to wounds.


Transfusion Safety

Treating warfighters seriously injured on the battlefield often necessitates an emergency transfusion of blood to stabilize the patient. However, the potential to transfuse incompatible or blood tainted with harmful pathogens is very real. In order to prevent those transfusion threats, ONR is developing several technologies to improve the safe use of our “walking blood bank, including two separate point-of-care products; one to rapidly screen a donor’s and recipient’s blood type to confirm compatibility, and the other to determine whether the donor’s blood is contaminated with harmful pathogens (bacteria, viruses, or parasites) prior to transfusion. The devices being developed are striving to be man-portable, easy to use, quick, extremely reliable, and function in extreme operational and environmental conditions.

These two products are based on fundamentally different technological concepts of automated analysis. The first product (screen for compatibility) employs fluorescence imaging cytometry. We are currently developing two pathogens detection capabilities, one using a ligand-fluoresence technique and the other a gold-nanorod optoacoustic technique to locate and identify the harmful pathogen(s). All three approaches can analyze blood with much smaller volumes of less expensive reagents, with greater accuracy and faster analysis times than the current technologies, with hands-off automation, and will include a more flexible array of blood analysis functions.


Blood Substitutes

ONR is developing two blood substitute product lines that currently show great promise. Firstly, a spray-dried plasma product is under development which can be easily reconstituted in the field and administered by corpsmen and physicians. Plasma not only serves to replace lost blood volume due to hemorrhage, but also provides coagulation factors as well that are essential to arrest uncontrolled bleeding. The dried plasma must be made to remain stable at ambient temperatures without the need for refrigeration. Also under development is a dried-plasma base to serve as a medium for infusible freeze-dried platelets. The objective of this portion of the research is to deterime the optimal formulation of plasma and platelets to attain maximum control of internal bleeding and to document the efficacy of this formulation.

Closed-Loop Systems

The closed-loop ventilation system will comprise two FDA-approved software algorithms to provide closed-loop-control (CLC) of a mechanical ventilation system specifically developed for en route treatment of trauma associated with hemorrhagic hypovolemia (blood loss) and burn shock. One algorithm will control mechanical ventilation based on blood oxygen saturation levels, monitored by pulse-oximetry (SPO2 blood oxygen content monitoring). The second algorithm includes the addition of positive end-expiratory-pressure (PEEP), which is required to ensure the lungs are adequately inflated (to prevent lung collapse). The algorithm will provide a PEEP of 5-15 cmH2O which has been found to be the range where a trauma patient can be safely managed for transport. Development of both algorithms has been completed and validated in a large animal model and clinical evaluations are currently in progress. An additional benefit of this approach is the reduced amount of oxygen required to maintain appropriate blood oxygen levels (due to a reduced need to maintain 100% oxygen for extended periods); this reduced oxygen requirement will reduce the medical logistics footprint. 


The administration of vital fluids for trauma care requires considerable attention on the part of medical personnel. Too little fluid will not have the necessary effects (such as increasing blood pressure), too much can flood the lungs and do additional harm to the patient.  The ability of medical personnel to provide critical emergency care can be severely limited by the labor intensive nature of vital fluid delivery to stabilize patients in need of critical care. Having a capability to automatically monitor and administer vital fluids to critical care patients is an absolute necessity in expeditionary operations. The closed-loop fluid (CLF) delivery system enables more robust and consistent critical care to warfighters with life-threatening injuries who are often at long distances from a fully-capable medical facility.


The CLF system is comprised two technology development efforts. First, a software algorithm designed to control fluid resuscitation was developed for the treatment of shock due to loss of blood and/or burns. This algorithm will be incorporated into the second effort, a PDA-type device that will provide decision-assist (DA) and fully automated control capabilities. Decision-assist means that the software will guide resuscitative efforts by providing individualized treatment recommendations to the corpsman based on the patient’s physiological status; full automation will control resuscitation based on sensors directly attached to the unit from the patient. In DA mode, the system asks for manual input of injury and physiological data then provides treatment recommendations for the corpsman in the form of displays and specific directives. In automated mode, the system assumes management of the casualty. The algorithm was developed with expert clinical opinion and was subsequently validated in a large animal model of hemorrhagic shock. 


The Automated Critical Care System (ACCS) will capitalize and leverage the work on the closed-loop fluid and ventilation systems. ACCS is a system-of-systems capability to provide physiologic monitoring and automatic intervention, fluid resuscitation, mechanical ventilation, supplemental oxygen therapy, fluid and drug therapy, casualty and fluid warming, and analgesia and anesthesia treatment. The ACCS will also be able to transmit patient parameters to a digital radio for transmission. The system will be capable of autonomous operation in performing 15 of the 17 (88%) required in-flight tasks. 


Casualty Warming

ONR supported the development of the Patient Warming Device (PWD) to help maintain body temperature during Casualty Evacuation (CASEVAC) to a medical treatment facility. The PWD is a self-regulated, chemistry based appliqué for the prevention of hypothermia in susceptible casualties. It is an air activated chemistry based approach that requires no external power. The PWD is lightweight, compact, low-cost, disposable, and shelf-stable for extended periods of time. Self-regulation is achieved by a unique dual layer technology. It provides safe unattended operation and a stable temperature profile that is maintained for up to 8 hours. The appliqué is segmented; parts can be pulled off as needed for access to wounds. It is being demonstrated in a series of clinical trials against similar Commercial-Off-The-Shelf (COTS) devices. The PWD has successfully maintained a patient skin interface temperature of 40oC (104oF) for 8 full hours greatly surpassing the stability of other devices.

Medical Planning


A key component of Naval expeditionary medicine is an adequate planning capability. This capability allows for the effective positioning and utilization of resources to increase the overall capacity for medical treatment in large, asymmetric theaters of operation. Developing proper modeling tools will enable medical planners and providers to determine ideal resource allocation as well as to gage the value of different interventions for controlling the spread of diseases amongst forces. The medical planning tool that has been developed comprises three software development efforts; a modeling component to enable patient stream driven decisions, died-of-wounds algorithms for incorporation into an existing medical planning tool (Theater Medical Logistics Plus; TML+), and a crisis action planning module to extend the capability of the TML+ program. The combined effort will produce a module that affords a deployed medical planner a quantitative means to quickly assess options for the placement, staffing, and operation of a medical treatment facility network in a dynamic environment and decide prudent courses of action.


Diagnostics


The capability to provide an accurate, concise, and timely diagnosis on the battlefield is a daunting challenge to corpsmen, medics, and doctors alike. The typical equipment is too large and heavy to transport, demands excessive power requirements, is slow to provide results, and is difficult to operate and maintain in a hostile field environment.


Furthermore, providing the capability to diagnose and triage internal injuries as early as possible has the definite potential to save many more lives that would have been lost due to internal bleeding, pulmonary trauma, lung damage, and brain hematomas.  The purpose is to provide far-forward medical care providers with a single medical diagnostic tool to rapidly assess the condition of the patient and triage accordingly. Currently this is planned will include x-ray, radar, ultrasound, and infra-red technologies into a man-portable, lightweight, compact, and ruggedized container. The utility of each technology to discern other than its traditional diagnostic capacity is currently being evaluated. 


Conclusion


ONR’s technology investments are providing warfighters the capability to plan, diagnose, treat, and transport battlefield injured rapidly and effectively from point-of-injury through transport to higher level care. These advancements will continue to increase survival, increase recovery from injury, and speed return to duty for personnel. Continued efforts strive to bring the full spectrum of medical capabilities to far-forward battlefields.
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Abstract

The Institute of Surgical Research (USAISR) is the U.S. Army’s lead research laboratory for improving the care of combat casualties. The Institute follows a rigorous process for analyzing patterns of injury and the burden of disease to determine where research can be conducted in order to positively impact care. This analysis led the USAISR to focus research on: preventing death from bleeding; developing improved pain control techniques; developing improved vital signs analysis techniques; improving the treatment of extremity injuries; preventing burn injuries on the battlefield; and improving critical care for combat casualties. This process has resulted in numerous improvements in care on the battlefield. Highlights include development, fielding, and efficiency testing of tourniquets and improved dressings for bleeding control. Significant progress has also been made in the resuscitation of combat casualties using blood products instead of crystalloid or colloid solutions. Improvements in pain control include assessments of the effect of perioperative anesthetics on the development of Post-Traumatic Stress Disorder (PTSD). Novel vital signs analyses have been successful in identifying promising techniques which may improve the medic’s ability to accurately triage patients. Current research in extremity injuries has focused on optimizing the use of negative pressure wound therapy for contaminated wounds. Burn research has focused on improving personnel protective equipment and developing continuous renal replacement therapy. This research program is soldier focused and addresses care from self aid and buddy aid through all echelons of care. Many of these advances have been adopted in civilian medical centers as well, benefiting not only the military trauma patient, but also the civilian trauma patient. The future of the USAISR includes expansion of the mission and resources to include dental, eye, and blood product research in collaboration with the U.S. Navy and U.S. Air Force as well as NATO partners.

1.0
Research Philosophy of the U.S. Army Institute of Surgical Research

The United States military has been engaged in continuous operations since the fall of 2001, and thus has had ample opportunity to direct research and development efforts toward known patient populations from overseas contingency operations (OCOs). The responsibility to direct research at real-world problems is one that the US Army Institute of Surgical Research (USAISR) has pursued from the earliest days of the conflict, first in the form of After Action Reviews, and then by more systematic methods , such as establishing databases and analysis capabilities to ensure that emerging injury patterns are identified and addressed. An important part of this analysis is the information provided by clinicians (physicians, physician assistants, nurses, and medics) who deploy to theaters of operations. Thus, we arrive at our paradigm for the conduct of research: battlefield medical issues are first identified, usually by deployed or returning health care providers, then they are investigated by using databases such as the Joint Theater Trauma Registry (JTTR) to determine the scope of the problem, and then research investment is made according to the scope of the problem. As the most important step to this process, research products, devices, drugs, techniques and practice guidelines are fielded to implement improvements to the care given to combat casualties. Finally, research is conducted to assess the changes in outcomes that result from changes in care.


2.0
MISSION SCOPE OF THE USAISR

The USAISR is a subordinate command of the US Army Medical Research and Materiel Command (USAMRMC). The MRMC has the broad mission to provide medical knowledge and materiel lifecycle management to protect, treat and optimize service member health and performance across the full spectrum of operations. As a part of this mission, the USAISR is focused on providing requirements driven combat casualty care medical solutions and products for injured soldiers from self-aid through definitive care, across the full spectrum of military operations. We share this mission of developing improved treatment for service members injured in combat with other organizations in the MRMC and thus focus our efforts in six major areas of emphasis: 


· Damage Control Resuscitation


· Extremity Trauma and Regenerative Medicine


· Pain Control


· Advanced Capabilities for Emergency Medical Monitoring


· Critical Care Engineering


· Clinical Trials


These six areas, their accomplishments, and current research endeavors will be the focus of the remainder of this article.


3.0
Damage Control Resuscitation (DCR)

Hemorrhage remains the major cause of potentially preventable death on the battlefield in conventional warfare 
 ADDIN EN.CITE 

(12, 14)
. This fact has led the USAISR to invest significant efforts to improve the ability of soldiers to limit blood loss and treat hemorrhage at the point of injury. Accomplishments of this program include the fielding of safe and effective tourniquets and two generations of improved hemostatic dressings 
 ADDIN EN.CITE 

(15, 16)
. As a result of improved initial care, as well as rapid evacuation and positioning of surgical capabilities close to the point of injury, service members with severe injuries are surviving to reach field hospitals. This has resulted in lower overall mortality through a reduced Killed in Action (KIA) rate, but paradoxically, an increase in the Died of Wounds (DOW) rate. Reducing this rate is the current focus of much of the research in Damage Control Resuscitation 
 ADDIN EN.CITE 

(2)
. It is known that the severely injured may develop aspects of the lethal triad of acidosis, hypothermia and coagulopathy. Thus, the concept of DCR was developed as a structured intervention aimed to treat the approximately 8-10% of casualties who are the most severely injured, are coagulopathic, and are at the greatest risk of dying. At USAISR, DCR combines research efforts in hemostasis and resuscitation to evaluate hemostatic dressings and to investigate optimal resuscitation strategies. Dilution of coagulation factors is avoided by using appropriate blood products (e.g., plasma) to provide these factors, oxygen carrying capability (RBCs), and sufficient volume to restore tissue perfusion and correct metabolism. Studies of severely injured patients have identified a population that appears to become hypocoagulable in response to trauma (as opposed to iatrogenic injury) (3). This phenomenon, termed the Acute Coagulopathy of Trauma (ACOT) is under investigation to determine its incidence, causes and potential treatments. The U.S. military has implemented the change from early resuscitation using crystalloid and packed red cells to early resuscitation using equal ratios of packed red cells, plasma, and platelets. Current research efforts attempt to refine this practice, optimize the use of blood products, and avoid delivering blood products to those that do not require this type of intervention. Other research efforts focus on identifying better means to treat non-compressible hemorrhage (17), as well as investigate genetic, genomic (18), and immunological 
 ADDIN EN.CITE 

(26)
 responses to trauma/hemorrhage and finding improved means to reduce hypothermia (9). Using relevant animal models and studies in human trauma patients, the ultimate goal is to develop products for resuscitation and hemorrhage control that can be used at all echelons of care to improve survival and reduce morbidity in injured Soldiers.

4.0
EXTREMITY TRAUMA AND REGENERATIVE MEDICINE

The majority of battlefield wounds occur to the extremities (55%) and head/neck region (30%) (24). Penetrating soft tissue wounds and open fractures account for the majority of the wounds in the extremities. Infection, delayed/nonunion, and impaired/loss of muscle function are common outcomes. The Extremity Trauma and Regenerative Medicine team is addressing these problems several different ways with the goal of returning the injured Warrior to full function. 



First, injuries and their clinical outcomes are being defined. Until recently, there was not a good understanding of the injuries sustained by our Soldiers in ongoing conflicts. To help direct research efforts, retrospective studies were conducted to determine the incidence, rate, and qualitative outcomes of extremity injuries in the Iraq and Afghanistan conflicts (23). Currently, we are extending these studies and evaluating a database of over 200 type 3 open tibia fractures to determine what causes poor clinical outcomes (e.g., concomitant soft tissue loss, nerve defects, infection, type of fixation, etc.). We have also determined that skeletal muscle injury is the main reason for limited functional recovery 
 ADDIN EN.CITE 

(20)
 and are now directing resources to solve this problem. Perhaps most importantly, the Military Orthopaedic Trauma Registry (MOTR) was created. Currently, the JTTR does not collect the information that is needed to understand the severity of the extremity wounds, how they are treated, or their outcomes. MOTR will have these needed data elements.


Second, pre-clinical studies are conducted to determine which therapies have the greatest clinical potential. Various animal models that mimic traumatic injury are utilized to evaluate potential therapies for infection and soft tissue and bone injury. We strive to evaluate the most advanced and promising technologies using the most clinically relevant and stringent animal models possible. Clinical practice guidelines for irrigation of contaminated wounds have been created from studies that we conducted in animals 
 ADDIN EN.CITE 

(25, 34)
. Other notable efforts include developing animal models for compartment syndrome, massive contaminated defects, and large segmental muscle loss. The concept of a dual-purpose bone implant (promotes regeneration and prevents infection) was developed and is being evaluated. There is an active regenerative medicine program that has established the ability to use stem cells as a therapy for skin, muscle, and bone injuries while collaborations have made a wide variety of biomaterials readily available for evaluation in soft tissue and bone defects.

Third, we are initiating prospective clinical trials aimed at improving outcomes of extremity wounds. The Department of Orthopedics has initiated several clinical trials in the areas of combat casualty care and several more are planned in the near future. We have established multi-center clinical trials consortium through a cooperative agreement with Orthopaedic Extremity Trauma Research Program (OETRP). Capable military orthopaedic departments will be members of this consortium; this will further develop needed infrastructure, allow military personnel to gain expertise, and will solidify a research culture within these orthopaedic departments. 



Finally, we are actively involved in extramural research programs. The USAISR manages the OETRP, and we are active partners in the Armed Forces Institute of Regenerative Medicine (AFIRM). The OETRP focuses on improving outcomes of extremity injuries within the next 5 years. This is accomplished by funding translational research projects that are evaluating new and emerging therapies and by conducting clinical trials to evaluate current standards of care and available treatments. AFIRM is a collaboration between military and civilian research consortia, focused on utilizing regenerative medicine to improve outcomes on injured warriors who have sustained extremity, craniomaxillofacial, and burn injuries. Most of the immediate clinical efforts from AFIRM will be in skin replacement and scar mitigation along with use of composite tissue allografts. In addition, the USAISR provides technical oversight to more than 20 large research contracts with universities and companies. These relationships are used to advance scientific inquiry in the areas of soft tissue and bone injury, infection, and tissue regeneration.


In summary, we have made great strides in identifying the clinical challenges to optimum functional outcomes and are addressing them in a systematic fashion. There is much work to be done in clinical trials to determine what available treatment options are most effective. This effort will allow us to establish a clinical research culture within the U.S. Department of Defense and a multi-center trial network within the civilian sector. Regenerative medicine therapies hold the key for complete recovery of severely injured warriors. These therapies are emerging but are not mature enough to make significant clinical improvements immediately. Pre-clinical work needs to be done to determine what approaches are most effective, and this work will serve as a pipeline for future clinical trials. Our goal in the immediate future is to continue to make improvements by determining what currently available therapies are best. As new and promising advances in regenerative medicine emerge, we will be ready and capable to implement them into the clinic with the goal of returning the injured warriors to full function.

5.0
PAIN CONTROL


Pain, both acute and chronic, is recognized as a leading problem among US soldiers injured on active duty or during deployments. Pain is experienced throughout the continuum of trauma care and within all ranks of the military. Recent initiatives have started tracking pain scores from as early as time of admission to the Emergency Department (ED) at Level 2 and Level 3 facilities. Of soldiers admitted to Level 2 and Level 3 facilities, 71% experience pain of 5 or greater on a scale of 0 to 10. Accepted clinical guidelines classify pain of 5 or greater as severe pain and recommend treating pain rated as 4 or greater. Despite the best efforts of clinicians, pain control remains elusive and is especially difficult in austere evacuation environments. In the Veterans Affairs Health System, pain is one of the most common complaints and often the reason for acute medical appointments. These patients often have multiple co-morbidities including PTSD, anxiety and depression. Recent evidence suggests that uncontrolled acute pain leads to neuronal remodeling and increased incidence of chronic pain. Chronic pain and PTSD are often co-morbid conditions in which a positive feedback cycle exacerbates the symptoms of each disease.


The over-arching goal of this research area is the study of pain from the battlefield through recovery. Particular attention is paid to identifying of novel pain control techniques (including novel pain control targets) and molecular mechanisms in the pain pathway. Focus is also placed on determining the effect of battlefield pain and pain control on short-term and long-term outcomes such as acute and chronic pain syndromes, the incidence of PTSD and psychopathological development (10), and the relationship of resuscitative fluid requirements to analgesic/anesthetic choices. The ultimate objective is to improve patient outcomes with better pain control methods.


Current research projects include studies which examine the effects of anesthetic agents on short-term outcomes such as resuscitation requirements and optimal transfusion ratios. Long-term outcomes such as PTSD, patient satisfaction (health care related quality of life), opioid addiction/tolerance, and chronic pain are also being studied. In a retrospective study, ketamine was not associated with an increased prevalence of PTSD and was correlated with decreased PTSD development in burned soldiers (22). These results were in contrast to concerns that ketamine, a psychoactive drug, would increase PTSD development. Later work showed that propranolol was not associated with a decrease in PTSD development in burned soldiers despite its effects on memory and occasional off-label use as a PTSD prophylactic (21).


Another area of effort is evaluation of the utility of Virtual Reality (VR) for acute pain control (31). Immersive VR is being studied as a means to decrease opioid requirements and improve pain control; all while decreasing NPO restrictions and increasing levels of alertness and active participation in subsequent daily rehabilitation sessions. Wounded Warriors enter the virtual world, known as Snow World, where icy landscapes of frigid tundra and frozen canyons are coupled with snowflakes, polar igloos and arctic animals designed to decrease the pain, anxiety and mental stress normally associated with daily burn wound dressing changes. Soldiers then interact with the virtual world via high resolution optics, noise cancelling headphones and a computer mouse which allows them to target and expel native or hostile opposition forces. Patients endorse improved pain control and overall satisfaction, and their families are also appreciative because of decreased sedation. While initially used for daily dressing changes on burned soldiers, plans are underway to incorporate this technology into daily physical/occupational therapy procedures to assist patients during painful rehabilitation sessions.


Other current projects include an evaluation of the utility of Ultra Rapid Opioid Detoxification under Anesthesia (URODA) in decreasing narcotic consumption and opioid dependence in burned soldiers. Within our burn center, increased and improved ketamine utilization was evident subsequent to development and implementation of a standardized electronic ketamine order set and guidelines. The research area also provided ongoing support for development of the intranasal ketamine product being fielded as a potential “silver-bullet” for battlefield pain control in the hands of combat medics. Current perioperative projects include using intravascular temperature management during severe burn surgery to minimize hypothermia and meet OSHA requirements for a safe workplace, evaluating high ratios of plasma:PRBC interoperative transfusions to reduce postoperative transfusion requirements, and the evaluation of  a  supraglottic airway device for prone position rescue airway management.


While the recognition of pain as a disease process rather than a symptom has shed light onto the important role of pain, a more comprehensive understanding of pain has yet to be achieved. In collaborations with Dr. Neal Smith and Lt Col Aldington (Anaesthetist and Pain Specialist, UK Armed Forces), we are investigating how to collect chronic pain data (in particular, the effects of early pharmacological and non-pharmacological interventions on long term outcomes) and how such data should be utilized to inform treatment regimes. Major hurdles include the unreliability of medical records when collected from austere environments with inherently limited access and availability, and the lack of consensus tools for validating pain research. 

Although significant advancements have been made in the acute pain care of wounded soldiers, we are just beginning to realize the far-reaching impacts of suboptimal pain management on health processes; to include inflammation, immunosuppression, longer hospital stays with slower recovery times, less effective physical rehabilitation, neuropsychological pathology, and poor quality of life. As leaders in the management and research into pain control, military pain specialists have established themselves as indispensable members of the combat casualty team and the soldier’s primary advocate in the treatment of pain. In the eternal words of Dr. John J. Bonica in The Management of Pain, “The proper management of pain remains, after all, the most important obligation, the main objective, and the crowning achievement of every physician.”

6.0
Advanced Capabilities for Emergency Medical Monitoring

The objective of the Advanced Capabilities for Emergency Medical Monitoring program is to conduct basic and applied research that leads to the identification and integration of physiological measures that reflect the complexity of compensatory responses during the early dynamic phase(s) of hemorrhage. The goal is to apply this knowledge to direct the development of new technologies and devices that advance the medical monitoring capabilities of combat medical personnel for triage, diagnosis and decision-making relative to combat casualty management. Basic research efforts focus on investigating the time course of central hemodynamics, autonomic functions, and peripheral tissue metabolism during progressive reductions in central blood volume induced by lower body negative pressure in healthy human subjects (6). Basic research efforts are also used to investigate and describe the physiological signals that distinguish patients with low tolerance (non-responders) to reductions in blood volume from those with high tolerance. Evolving technologies to be used to assess early and continuous alterations in central hemodynamics, autonomic functions and tissue perfusion include bioimpedance, real time measures of beat-to-beat and waveform analysis of arterial blood pressure for stroke volume estimates and pressure oscillations, direct measurement of sympathetic nerve activity (7), linear and non-linear frequency analysis of R-R interval captured from a standard ECG (heart rate variability indices to assess autonomic oscillations; heart rate complexity indices), and near infrared spectroscopy (muscle oxygenation, pH, lactate) 
 ADDIN EN.CITE 

(32, 33)
. Loss of coherence between blood pressure and sympathetic activity initiated by reaching a minimum threshold of cardiac filling will be investigated as a potential mechanism of hemodynamic decompensation during progressive reductions in central blood volume. The impact of other combat-related stressors such as heat, cold, exercise and anxiety on physiological measures associated with monitoring patients with hemorrhage will also be investigated.


Research includes studies designed to test and develop new ‘wear-and-forget’ Physiological Status Monitors (PSM) that enhance far forward capabilities for remote triage, diagnosis, and decision-making relative to casualty management. We continue the investigation of the applicability of information that can be obtained from the electrocardiogram and other sensor signals of the PSM to specifically track reduction in central blood volume resulting from hemorrhage, and further define the practical requirements (i.e., computing power, heart beats required, etc.) for their potential use on the battlefield (27). We also investigate technologies using light sources for the development of standoff triage. Emphasis is placed on developing a machine-learning algorithm that will provide early indication of severity of hemorrhage and subsequent need for prioritization of treatment or evacuation.


We are conducting research designed to develop and test new portable medical monitors that can be used by combat medical personnel during en route care and at higher echelons (e.g., ER). Current studies focus on identifying devices for vital sign monitoring, diagnostics and therapeutics for remote and on-scene assessment of the severity of hemorrhage and early prediction of onset of hemodynamic decompensation and progression toward the development of overt hemorrhagic shock. Technologies under consideration to meet these needs include infrared photoplethysmography, near-infrared spectroscopy, diffuse optical spectroscopy 
 ADDIN EN.CITE 

(19)
, and inspiratory resistance 
 ADDIN EN.CITE 

(29)
. The ultimate goal is to integrate these measurements using machine-learning techniques to develop a predictive, personalized algorithm for triage. We will also initiate laboratory and field studies designed to test algorithms under conditions that might challenge their efficacy but which may be experienced by soldiers during combat (e.g., heat, cold, dehydration, exercise).


In addition to the emphasis placed on personalized prediction of impending hemorrhagic shock, we will use our experimental human algorithm for predicting central blood volume changes to focus on the development of software algorithms and systems to provide a capability to track, and subsequently guide, resuscitation efforts.

7.0
COMBAT CASUALTY CARE ENGINEERING

Combat Casualty Care Engineering is directed at improving care by responding to a Critical Care Technology Gap on the current battlefield, particularly at echelons 2 and higher and en route. This gap exists because it is difficult, given current technology levels, to provide the same state-of-the-art care on the battlefield as can be provided in a U.S. trauma center Emergency Department (ED) or Intensive Care Unit (ICU). This problem is magnified during inter-facility transport. In general, as a casualty moves to higher echelons of care, the resources available increase and care approaches the standards of a civilian or military hospital in the continental United States. This gap between the highest standard of care and that available at earlier echelons (and the even larger gap that exists as casualties are moved between facilities) is the target of research and development efforts in Combat Casualty Care Engineering. 

The potential impact of improvements in critical care capabilities on mortality and on resource utilization was suggested by Grathwohl (11). In that study, both ICU length of stay, and ICU mortality, decreased progressively at the Combat Support Hospital in Baghdad as the model changed from No Intensivist, to Intensivist Consult, to Intensivist-Directed Team. Similar convincing results have been seen in U.S. hospitals. The problem, however, is the scarcity of such manpower on the battlefield: “Despite a rapidly mobile critical care platform, the U.S. military is unfortunately faced with… shortages of critical care physicians and nurses to staff extended worldwide missions.” The goal of Combat Casualty Care Engineering is to develop new systems-based technology which creatively fills this Critical Care gap. Technology in this sense means hardware and software systems which incorporate sensors, processors, and effectors and includes new vital signs, automated critical care, and better effectors. 

Current vital signs used to diagnosis and treatment of trauma patients do not provide an accurate assessment of the true injury severity and are only useful after patient has decompensated. New vital signs will be explored that will provide personnel with more sensitive and specific indicators of the true extent of trauma injuries, in addition to providing more precise diagnosis at earlier stages of care. These new vital signs will allow for better and earlier diagnosis of impending cardiovascular collapse and will provide personnel with a more accurate indicator of the need for a life saving intervention. New vital signs will be developed through research into new approaches for processing current vital signs 
 ADDIN EN.CITE 

(1)
, research on data fusion and multivariate analysis approaches for processing combinations or groups of different vital signs simultaneously, and use of artificial intelligence technologies for learning vital sign patterns that can be used for prediction and diagnosis. Part of this research involves the user of high performance computing approaches for feature extraction of high frequency and high resolution waveform data digitized from different body sensors (i.e., EKG). Additionally, advanced information and computer processing approaches will be used to develop systems that can process and implement these new vital signs in smaller and lighter monitoring systems that can be carried by medics in the battlefield. 

Automated critical care deals with developing new approaches that use information technology to help the care provider by reducing large volumes of data generated by the patient care environment into decision support systems, open-loop systems, and, eventually, full automated control of critical care processes (30). Decision support systems will be developed that push knowledge from the expert clinician to the non expert provider for many critical care procedures. By providing the user with sets of recommendations on procedures and treatments based on the knowledge from expert care providers and standards of care, patient treatments become more efficient, less variable, and result in better patient care. One example is the USAISR decision support system for burn resuscitation. This system has been successfully used to resuscitate patients with serious burns in the USAISR burn center with better outcomes compared to standard non computerized approaches. To further automate critical care procedures, open loop systems will also be developed that will provider personnel with recommendations on treatment options in addition to providing the ability to execute the intervention automatically. Finally, closed loop control systems will be developed to fully automate the care of the patient with little or no intervention from the provider.


Research into better effectors is currently focused on ventilator systems for support of patients in austere environments. The focus is on development of simplified ventilators that can be used in patients with severe traumatic brain injury (TBI), acute respiratory distress syndrome (ARDS), smoke inhalation injury, pulmonary contusions, and/or massive transfusion. Development of extracorporeal devices will be explored with capabilities to augment and/or replace mechanical ventilation requirements for patients with severe ARDS. This need is driven by the continued high mortality rate of trauma patients with ARDS which is approximately 30%. Research will be based on data and recommendations generated from the ARDSnet trial in addition to results from USAISR research protocols.


The core capabilities which the Combat Casualty Care Engineering program brings include an integrated team of intramural and extramural collaborators, consisting of combat-experienced trauma surgeons and intensivists; computer scientists; biomedical engineers; and physiologists. Because of the heavy emphasis on trauma patient validation and rapid product delivery to the battlefield, the focus of Combat Casualty Care Engineering is on clinical trials in trauma and burn patients, and on product testing in clinically relevant models of severe injury where appropriate.

8.0
Clinical trials

The US Army institute of Surgical Research Clinical Trials program has two primary objectives within the Combat Casualty Care Research Program. The first is to observe current combat casualties to identify emergent challenges and opportunities for improved care. The USAISR serves as the only American Burn Association verified burn center in the Department of Defense, the USAISR receives all significant burn injured service members evacuated from the wars in Iraq and Afghanistan. As a result, we have the opportunity to observe patterns of injury and implement programs in order to prevent and better treat these burns. Examples include identification of significant numbers of waste burning accidents and implementation of an awareness program (13), identification of large numbers of debilitating hand burns and implementation of a rapid equipping program for fire resistant gloves 
 ADDIN EN.CITE 

(35)
, identification of thermal injury to the portions of the torso not covered by body armor and development of improved protective clothing, and identification of over resuscitation injury and implementation of a burn resuscitation flow sheet to ensure appropriate care. The second objective is to translate pre-clinical research from the other research areas at the institute into a clinical environment for validation. Examples of this type of translational effort include testing of wound care dressings in donor sites, and assessment of damage control resuscitation strategies in the burn operating room. The USAISR is unique within the Medical Research and Materiel Command in that we have both a clinical population and research scientists working within the same laboratory. This collaborative, integrated research platform gives us the ability to translate science into improvements in combat casualty care and deliver these improvements to the battlefield. 

The USAISR Clinical Research program prides itself on being responsive to clinical problems and striving for excellence in burn care, critical care medicine, and the care of the multiply injured casualty. Clinical research in injured casualties is being conducted on a variety of medical advances including resuscitation protocols and stabilization in local and far forward care (5), clothing issues and protection from injury, continuous renal replacement therapy (4), antibiotic use (8), wound excision and closure techniques, diagnosis and treatment of head injury including blast injury 
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(28)
, pharmacokinetics of antibiotics in the severely injured, topical wound treatments including silver products and vacuum assisted wound closure, wound healing of the skin donor site, hemorrhage control in the burn OR, nutrition during ICU stay and during outpatient recuperation, temperature control in the burned patient, hypotension control strategies, and heterotopic ossification in the severely burned. Critical advances in burn care and trauma care including some listed above developed and tested at the USAISR have significantly improved patient survival and outcomes in combat casualties. 

9.0
the future of research at the usaisr


The unique relationship between clinical care and research has resulted in an initiative to centralize combat casualty care research at Ft. Sam Houston with the USAISR and Brooke Army Medical Center (BAMC). This realignment will be realized within the next year and will bring additional research areas to the USAISR/BAMC campus to leverage these capabilities. Future opportunities in dental research, blood research, and eye trauma are all examples of this expanded research mission. In order to execute this expanded mission, construction projects are underway to double the laboratory space available, and relocate or hire over 150 research personnel in these mission areas. This expanded scope comes with expanded collaboration, as the new research facility will house not only Army researchers, but also U.S. Navy and U.S Air Force as well. The future of combat casualty care is joint, coordinated between the U.S. military services and with our international partners to speed innovation and provide world class care to combat casualties.
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ABSTRACT

Buddy treatment, first responder combat casualty care, and patient evacuation under hostile fire have compounded combat losses throughout history. Force protection of military first responders is complicated by current international and coalition troop deployments for peacekeeping operations, counter terrorism, and humanitarian assistance missions that involve highly visible, politically sensitive low intensity combat in urban terrain.  The United States Department of Defense (DoD) has significantly invested in autonomous vehicles, and other robots to support its Future Force.  By leveraging and augmenting funding from these efforts, the US Army Telemedicine and Advanced Technology Research Center has established a portfolio of projects aimed at developing, integrating or adapting robotic and unmanned ground and air systems to extract battlefield casualties from hostile environments and from under fire.  Work continues on a prototype dynamically balanced bipedal Battlefield Extraction Assist Robot (BEAR) which is capable of extracting a 350 pound casualty from various rugged terrains including urban areas with stairs.  Another DoD sponsored project is aimed at exploiting Unmanned Aerial Systems (UAS) to bring sophisticated telemedicine and patient monitoring equipment such as “smart stretchers” directly to military medical first responders and troops engaged in combat.  In this arena TATRC is collaborating with DARPA to investigate use of UAS to conduct casualty evacuation (CASEVAC) missions and also participating in the NATO HFM-184 “Safe-ride” Technical Panel convened to investigate safety aspects of such missions.  Other projects are intended to bring telerobotic and near autonomous casualty assessment and life saving treatment to the battlefield. These have included the DARPA Trauma pod and several TATRC efforts to integrate robotic arms with the Life Support for Trauma and Transport (LSTAT) litter for robotic implementation of noninvasive technologies such as acoustic cauterization of haemorrhage via High Intensity Focused Ultrasound (HIFU).  TATRC has also sponsored research in robotic implementation of Raman and Laser Induced Spectrometry (LIBS) to detect and identify potential chemical and biological warfare agents and explosive hazards to casualties and first responders.  Focus is on sensor selection and integration as well as electronic command and control messaging via the Joint Architecture for Unmanned Systems (JAUS) to include sensors and telemedicine payloads.   In an attempt to generate operational concepts, tactics, techniques and procedures for implementing medical robotic unmanned systems in combat,  as well as the technical requirements to enable those procedures, a computer simulation of the BEAR was created for use in the US Army Infantry Center Maneuver Battle Lab’s OneSAF (One Semi-Autonomous Forces) tactical operations modelling and simulation system.  An initial series of platoon level assaults and clearing operations in both wooded and urban terrain were executed in ONESAF to include casualty extractions using both conventional litter rescues and rescues with the BEAR.  This process has great potential for overcoming the numerous barriers to transitioning research prototypes or new and emerging technologies to operational systems.   Even our initial simulation and live operational assessments point to significant research challenges ahead in developing and fielding unmanned systems for Combat Casualty Care.  We discuss ongoing projects, operational assessments and research challenges.

1.0
INTRODUCTION

Advancement in telecommunication and robotics continue to shift the paradigm of health care delivery. The United States military has provided significant impetus, focus and funding for telemedicine and medical robotics. The US Army Medical Research and Materiel Command (MRMC) Telemedicine and Advanced Technology Research Center (TATRC) and the Defense Advanced Research Projects Agency (DARPA) have spurred innovation in areas such as surgical robotics and the emerging field of “telesurgery”. Telecommunication and robotic limitations that prevent robust intervention at a distance are areas of continued military research and development. Medical robots are force multipliers that can distribute expert trauma and subspecialty surgical care across echelons of care. This paper provides a historical context of and future opportunities in military robotic casualty extraction and care that will save the lives and limbs of our deployed warfighters.


Military robotic combat casualty care has three primary goals: safely extracting patients from harm’s way; rapidly diagnosing life threatening injuries such as non-compressible hemorrhage, tension pneumothorax and loss of airway; and delivering life-saving interventions. For optimum effect, medical robots must robustly operate in extreme environments and provide effective combat casualty care as close as possible to the point and time of injury. Robotic tactical combat casualty care begins with the extraction of casualties from the battlefield. In the short term, extraction robots will decrease the risk to the soldier and combat medic by safely moving wounded warfighters out of the line of fire.  In the longer term, teleoperated and autonomous surgical robots will deliver expert surgical care within the “golden hour” on the battlefield as well as during transport to military treatment facilities. 


Beginning in 1999, DARPA and MRMC / TATRC partnered to develop the Digital Human Robotic Casualty Treatment and Evacuation Vision with robotic systems targeted on these priorities:


· Mobility


· Plan/execute search in unmapped interior environments, find and identify wounded soldiers

· Track, record, transmit and act upon real-time physiological information 


· Conduct both remote and real-time diagnosis using heuristic algorithms integrated with pattern recognition imaging systems and physiological sensors


· Perform semi-autonomous and autonomous medical procedures and interventions


· Evacuate casualties from the battlefield using semi-autonomous and autonomous evacuation platforms and patient support systems like LSTAT

2.0
ASSESSMENT OF CURRENT STATE AND FUTURE POTENTIAL FOR ROBOTIC COMBAT CASUALTY CARE WITHIN THE ARMY


The Training and Doctrine Command (TRADOC) is the Army’s organization for developing new doctrine on how the Army will fight in the future and what capabilities will be needed to support that operational doctrine.  In 2009 we contributed to TRADOC’s assessment of the state of medical robotics and their potential application to combat casualty care.    Currently only a few Warfighter Outcomes are involved with robotics use in medical and surgical tasks.  The U.S. Department of Defense Uniformed Joint Task List suggests several topics for improvements in the areas of field medical care and force health protection through robotics.  Areas of  focus in combat casualty care and surgery are faster casualty recovery and evacuation by fewer personnel, faster and more certain recognition of injuries, and communications supporting remote telemedicine.  TRADOC’s desired future “Force Operating Capabilities” publication states that: “Future Soldiers will utilize unmanned vehicles, robotics, and advanced standoff equipment to recover wounded and injured Soldiers from high-risk areas, with minimal exposure.  These systems will facilitate immediate evacuation and transport, under even the harshest combat or environmental hazard conditions; medical evacuation platforms must provide enroute care”, and TRADOC’s “Capability Plan for Army Aviation Operations 2015-2024, ” states that “unmanned cargo aircraft will conduct autonomous ….. extraction of wounded “ .  Following was our assessment of the current state and future potential for the combat casualty care robotic applications cited by TRADOC:


2.1
Perform Battlefield First Aid (Tourniquets, Splints, Shots, IV Drips, etc.)

Self-assistance by the soldier or the availability buddy care cannot be assumed in all combat situations; likewise, there are never enough combat medics or combat life savers  (combat arms soldier with additional medical training) to treat and extract all casualties, especially during intense close combat or  in contaminated or otherwise hostile environments.  The Army Institute for Soldier Nanotechnology at MIT has ongoing basic research in uniform-based diagnostics and emergency injections.  Further, sewn-in tourniquet loops on uniforms are under consideration for fielding, with Soldier-actuation required.  Autonomous and robotic first aid treatment may dovetail well with robotic recovery and evacuation tasks.   Slow progress is being made in development of sophisticated sensors,  autonomous analysis of sensory input, and autonomous application of intervention and treatment procedures, but deployment of such robots is years away.  Likewise,  local cultural concerns, or confusion among wounded may complicate acceptance of close contact by a first aid robot.  

2.2
Recover Battlefield Casualties

As with battlefield first aid, universal availability of combat medics, combat life savers , or other soldiers assigned to perform extraction and recovery of casualties under fire or in otherwise hostile environments cannot be assumed.  Therefore, a means to autonomously find, assess, stabilize, then extract casualties from danger for further evacuation is needed.  This may be complicated by unknown nature of injuries, which may complicate or confound a rote mechanical means of body move.  For example, a compound fracture or severed limb might not be gripped, or gripping may increase injury.   As part of several ongoing research and development efforts in both unmanned ground and air systems for casualty evacuation (CASEVAC), the MRMC is actively addressing the potential complications of robotic casualty extraction.  Discussed further below, the tele-operated semi-autonomous Battlefield Extraction Assist Robot (BEAR) represents a developing casualty extraction capability which can carry a 500 pound load while traversing rough and urban terrain with dismounted soldiers.  A fully autonomous version of the BEAR would need significant additional artificial intelligence programming and a transparent hands-free soldier-robot interface to integrate the performance of this mission in combat while keeping the soldier-operator focused on their primary mission.  Research in autonomous flight control and navigation technologies needed for CASEVAC via Unmanned Air Systems (UAS) is ongoing but actual employment of operational systems is probably years away because of the current immaturity of autonomous en route casualty care systems.  

2.3
Robotic Detection and Identification of Force Health Protection Threats

Detection and identification of chemical and biological threats to which combat casualty patients may have been exposed,  and segregation and containment  of contaminated casualties prior to receiving casualties in forward medical and surgical treatment facilities are critical capability needs.  The MRMC has several completed and ongoing research projects in robotic detection and identification of chemical and biological and agents and chemical contaminants.  The goal is to produce modular threat detection and identification systems that can be implemented on robots performing other missions, such as casualty extraction.  These efforts  utilize robotic enabled RAMAN, Florescence, and Laser Induced Breakdown Spectroscopy (LIBS) as well as antigen-based technologies. 

2.4
Perform Telemedicine/Surgery

Remote tele-operated medicine is feasible, but with limitations.  Visual examination information is planar, and may lack depth and full 5-sense information (e.g., tactile feedback).  As a human assistant will likely be required, a question arises as to the feasibility of doing better than having a trained human assistant, local to the patient, relaying information back to the remotely located surgeon.  However, vital signs (e.g. skin temperature, pulse, blood pressure) may be available via biomonitors contained on a simple robotic platform arm. Proof of concept projects have demonstrated the feasibility of remote robotic diagnosis and treatment of patients.  The DARPA ‘Trauma Pod’ project discussed below was an attempt to leverage emerging advanced imaging technologies and robotics to enable autonomous casualty scan, diagnosis and intervention,   MRMC also has several physiological sensor and image-based robotic casualty assessment and triage research projects underway.  However, these capabilities are currently only experimental and are non-ruggedized, tele-operated component capabilities at best. The idea of  far forward  combat  telesurgery in combat  is compelling;  a surgeon controlling a robot’s movements in a distant location to treat an injured soldier could serve as a force multiplier and reduce combat exposure to highly trained medical personnel.  At first glance, remote tele-operated surgery capability appears to already exist since minimally invasive operations have been remotely performed using dedicated fiber optic networks, the Zeus and daVinci surgical robots have been and are currently used in civilian hospitals and many other telesurgery demonstrations and experiments have been conducted around the world.  Military funded research as discussed below has demonstrated that surgical robotic systems can be successfully deployed to extreme environments and wirelessly operated via microwave and satellite platforms.  However, significant additional research is required to develop supervisory controlled autonomous robots that can overcome the operational communication challenges of limited bandwidth, latency, and loss of signal in the deployed combat environment.   Addressing acute and life threatening injuries such as major non-compressible vascular injury requires development of new surgical robots that move beyond stereoscopic, bimanual telemanipulators and leverage advances such as autonomous imaging analysis and application of directed energy technologies  already used in non-medical military robotic systems. 
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		Figure 1: DaVinci Robotic Surgery System.

		Figure  2: Portable Trauma Pod Concept.





3.0
ROBOTIC CASUALTY EXTRACTION, EVALUATION AND EVACUATION


The US military has funded multiple robotic projects focused on casualty extraction, evaluation and evacuation. Robotic casualty extraction research is focused on the development of semi-autonomous systems that will safely extract the casualty from the line of fire, deliver the casualty to medical care, and limit risk to care providers.  Representative systems are briefly described below:

3.1
TAGS CX (Tactical Amphibious Ground Support system – Common Experiment)


The Army Medical Robotics Research through the Army’s SBIR (Small Business Innovation Research) Program through TATRC contracted Applied Perceptions Inc. (Cranberry Township, PA) as the primary research entity for an extraction and evacuation vehicle. A tele-operated semi-autonomous control system capable of maneuvering a marsupial robotic vehicle was developed with a three module concept. The TAGS-CX novel dual design vehicle consists of a small, mobile manipulator (REX) for short-range extraction from the site of injury to the first responder and a larger faster vehicle (REV), which would deliver the wounded soldier to a forward medical facility. The smaller vehicle resides within the larger REV, which is equipped with two L-STAT stretchers and other life support systems. The TAGS-CX platform provides a modular and interoperable ground robot system that could be modified for multiple purposes. The Joint Architecture for Unmanned Systems (JAUS) control platform was used to enable a standardized C2 interface for the OCU (Operational Control Unit) along with standardized mechanical, electrical, and messaging interfaces capable of supporting multiple unique “plug and play” payloads. This prototype robotic extraction vehicle also integrated other control technologies. These include GPS-based autonomous navigation, search and rescue sensing, multi-robot collaboration, obstacle detection, vehicle safe guard systems, autonomic vehicle docking and telemedicine systems. 
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Figure 3: Robotic Evacuation & Extraction Vehicles (REV/REX).   

The US Army’s TARDEC (Tank-Automotive Research, Development, and Engineering Center) has developed a ground mobility, robotics systems integration and evaluation laboratory, TARDEC’s Robotic SkunkWorks facility. This laboratory’s goal is to assess and integrate novel unmanned systems technologies to support efficient conversion of these technologies to PM/PEO (program managers/program executive officer) and ATO (Advanced Technology Office) programs. The first unmanned system evaluated was the TAGS-CX, an enhanced version of the TAGS designed to support multiple modular mission payloads. The most significant identified issue during the  trials of the original REV vehicle was that the REV was designed to be completely unmanned and as a dedicated MEDEVAC vehicle. Currently and for the foreseeable future the US Army would not allow wounded soldiers to travel without a human medic or attendant. Based on this feedback the TAGS-CX concept was redesigned to incorporate a removable center module for an on-board medic and would allow for manual operation of the vehicle.  Additionally the patient transport bays were designed and constructed as modular “patient pods” which would enable the TAGS-CX to be used for multiple combat support missions, CASEVAC being just one.
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Figure 4: Tactical Amphibious Ground Support System – Common Experimental 
(TAGS-CX) with Patient Transport  and Operator/Attendant Modules.

3.2   BEAR – Battlefield Extraction Assist Robot  

The BEAR (Vecna Technologies Cambridge Research Laboratory, Cambridge, MA) prototype was initially started with a TATRC grant in 2007 with the objective of creating a powerful mobile robot, which was also highly agile. It would have the capability to find and then lift and carry a combat casualty from a hazardous area in varying terrain. Vecna Technologies was founded in 1998 and initially produced a proof of concept prototype (Bear Version 6), which was featured in Time Magazine’s Best Inventions of 2006. This machine was intended to be capable of negotiating  any general hazardous terrain and not be limited only to the battlefield. The Bear robot is extremely strong and agile approximately the size of an adult male.  The original prototype was  is composed of an upper torso with 2 arm actuators and a lower body built around the Segway RMP base with additional tank tracks on its analogous thighs and calves. It is designed to lift 500lbs (the approximate weight of a fully equipped soldier) and move at ~10 miles per hour. It utilizes gyroscopic balance that enables it to traverse rough and uneven terrain. 


The latest iteration of the Bear (version 7) has several redesigned components. These include a sleeker, stronger, and more humanoid appearing upper torso, integration of NASA’s Actin software for coordinated control of limbs and upper torso, and a lower body with separately articulating tracking leg subsystems, a novel connection and integration of the lower body and upper torso components, completion of the “finger-like” end effectors, and a Laser Induced Breakdown Spectroscopy (LIBS) detector for chemical, biological, and explosive agents.   The system will incorporate a variety of input devices including multiple cameras and audio input. The initial control of the BEAR is via a  remote human operator but work is underway for more complicated semi-autonomous behaviors in which the robot understands and carries out increasingly higher-level commands. Other planned inputs include pressure sensors that will allow it to have sensitivity to a human cargo. Another milestone is the completion of the first phase of continuing BEAR characterization and operational simulation and assessment at the Army Infantry Center Maneuver Battle Lab (MBL), The humanoid form enables the robot to access most places that a human would includes stairs. The versatility of this robot includes applications within hospitals and nursing homes where infirmed patients with limit mobility could be easily moved. 
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Figure 5: Battlefield Extraction Assist Robot (BEAR).

3.3
Combat Medic UAS for Resupply and Evacuation

TATRC has also provided support for aerial robotic systems. This project focused on autonomous UAS (Unmanned Aircraft System) takeoff, landing, navigation in urban and wooded environments and the coordination and collaboration between UAS ground controllers and human combat medics to that proper care and evacuation can be performed during the golden hour. Five Phase I SBIR grants were given out to identify notional concepts of operation as well as develop technical models that recognize requirements in implementable UAS system designs. Phase 2 grants went to Dragon Fly Pictures Inc. and Piasecki Aircraft both of Essington, PA.   Phase II focuses on navigation through urban/wooded terrain to combat site of injury, selection of a suitable autonomous landing and takeoff site with minimal human input, autonomous safe landing and takeoffs, communication with a human medical team, and carrying a payload of medical supplies including a Life Support for Trauma and Transport ( L-STAT) system.  Phase II concludes with live demonstrations of these capabilities using real aircraft.  


3.4
Raman Chem/Bio/IED Identification Detectors

Research interest in providing these unmanned ground vehicles (UGV) extraction platforms with chemical, biological, and explosive (CBE) detection systems based on Raman spectroscopy so that they have the operational ability to identify environmental toxins and provide force protection. Currently UGVs are unable to provide any early information as to the possible toxic hazards in the environment. TATRC along with MRMC and other governmental agencies have funded development of several JAUS compliant robotic CBE identification systems that could be placed on unmanned extraction vehicles. 


The Raman detection technological advantages are that it is reagent less, which simplifies deployability and can detect a broad range of CBE threats in a single measurement cycle. Reagent based detection methods must start with some assumption as to the possible threat. The Raman Effect has been used for years and depends on the phenomenon that when a photon encounters a molecule it imparts vibrational bond energy to this molecule. This exchange creates a slight disturbance in the frequency in a small amount of scattered light. Each chemical bond has its own unique frequency shift, which allows for creation of the Raman spectrum and the identification of chemicals. 
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		Figure 6: Proximity Raman CBE Detector.

		Figure 7: Standoff Raman/Florescence CBE Detector.





The overall concept of this technology is to integrate a Raman sensor head onto a manipulator arm on the UGV, which is then coupled to an onboard or self contained spectrometer analyzer.  When integrated with a robot, Raman spectroscopy detectors contain a video camera and fine positioning system that will allow for targeting of the head, laser illumination of the sample to induce the Raman Effect, optics to collect and focus the scattered light, a fiber optic bundle to transport the scattered light to a spectral analyzer.  In proximity applications, the Raman detector needs to be close but not necessarily touching the object; in stand-off applications the laser, spectroscope, and analysis computer can operate from a distance.   Once the materials unique Raman effect has been detected it can then be compared to a spectra library of known materials to provide robust identification of whether the chemical is a threat.  Several TATRC funded proximity and stand-off prototypes have been developed and integrated with robots.


3.5
L-STAT System (Life Support for Trauma and Transport)


The L-STAT system (Life Support for Trauma and Transport, Integrated Medical Systems Inc., Signal Hill, CA) was developed by a DARPA funded grant in 1999 in conjunction with the United States Marines. This system has seen deployed to the 28th and 31st Combat Support Hospitals (CSH) in Iraq and Afghanistan, Navy amphibious assault ships, national guard units in Alaska and Hawaii, special operations teams in the Philippines and Cambodia, and also domestically at select United States trauma centers (University of Southern California and the Navy Trauma Training Center both in Los Angeles, CA). L-STAT could integrate components of intensive care monitoring and life support functions. This platform acts as a force multiplier and allows for patients to be cared for with less direct attention by medical personnel during transport to Combat Support Hospitals or Battalion Stations. As stated before focus on the golden hour of trauma is due to the fact that 86% of all battlefield mortality occurs within the first 30 minutes. The majority of which are due to hemorrhage (~50%) followed by head trauma which leads to seizures and ischemic reperfusion injuries and these are the focus of L-STAT. The original version of L-STAT was extremely cumbersome and weighed 200lbs which severely limited its utility. Some more recent systems are much more mobile and include the L-STAT Lite, MOVES, and Lightweight Trauma Module. 
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		Figure 8: Life Support for Trauma 
& Transport System.

		Figure 9: MedEx 1000 (L-STAT Lite).





A review of L-STAT identified possible future technologies for the next generation L-STAT (NG-LSTAT) and concluded there were multiple areas of potential improvement in diagnostic and therapeutic capabilities. The possible diagnostic additions included digital X-ray, portable ultrasound, medical image display and telediagnosis via remote controlled camera. Prospective therapeutic additions included the utilization of serpentine robotic manipulators for performing intubation, ultrasound catheterization for intravenous access and assisting in the application of HIFU (High Intensity Focused Ultrasound) for treating hemorrhage. The addition of bioinformatics, wireless data communication, additional imaging capabilities, robotic manipulators, and increased mobility would move the NG-LSTAT further toward the goal of an autonomous field deployable surgical platform.   A lightweight version of the LSTAT called the MedEx-1000 which weighs less than 40 pounds and can be used independently of a litter was developed and released for sale in 2009.


4.0
SUMMARY


The technological revolution of the past three decades is catalyzing a paradigm shift in the care of battlefield casualties. Telecommunications and robotic technology can revolutionize battlefield care by safely extracting patients from harm’s way, rapidly diagnosing life threatening injuries, and delivering life-saving interventions. Telecommunication and robotic limitations that prevent robust intervention at a distance are areas of continued military research and development. As these limitations are overcome, medical robots will provide robust casualty extraction and care that will save the lives and limbs of our deployed warfighters.
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ABSTRACT

Introduction/Relevance to the Symposium

The development and deployment of unmanned systems throughout the military forces of the world is rapid, accelerating and ‘game changing.’ This paper describes the current and planned research and development of robotics/unmanned systems being designed specifically for combat medical missions such as critical item resupply, casualty extraction, and casualty evacuation. These systems will also be applicable to logistics delivery, combat search and rescue, and special operations team insertion/
extraction.


Rationale

Combat medical missions such as resupply and casualty evacuation are dangerous missions. This is especially true for the ‘high demand/low density’ helicopter flightcrews bringing in the supplies and evacuating the wounded and the medical personnel on the ground who have to rescue and treat the wounded. Medical ‘first responders’ often become casualties themselves while trying to rescue or treat their comrades. This has been true since the beginning of armed conflict and perhaps there is a better way. Fielding robotics and unmanned systems which can perform these missions and tasks will: (1) Provide tactical commanders with increased tactical and operational flexibility; (2) Allow the execution of these missions in conditions manned platforms cannot (should not) operate in such as ‘zero-zero’ weather or a contaminated environment; (3) Husband critical medical ‘first responder’ resources; and (4) Act as a force multiplier of scarce medical evacuation systems.


Description of Methods Employed and Results Obtained

This paper will describe current research and development projects, and technology and operational demonstrations being conducted by the U.S. Army and other U.S. Department of Defense organizations, in the field of robotics/unmanned systems for combat medical missions. It will discuss robots, unmanned aircraft systems (UAV), unmanned ground vehicles (UGV), and integrated UAS/UGV systems. The paper will provide insights and lessons-learned from these demonstrations. Further, it will briefly outline current relevant doctrine, concepts-of-operations, and desired system and subsystem capabilities and requirements. Finally, this paper will identify challenges – technical, doctrinal, philosophical and cultural that must be addressed before robotic/unmanned systems can attain the “game changing” impacts they are capable of.


Conclusions

Robotics and unmanned systems are developed and fielded in rapidly increasing numbers. Their numbers and  rate of deployment will continue to accelerate as missions on than the traditional intelligence, surveillance and reconnaissance and explosive ordnance disposal missions are addressed. One such mission area is combat medical resupply and casualty extraction. Employing unmanned systems for these missions will provide additional operational flexibility and will be truly ‘game changing’ on the battlefield of the 21st century.


1.0
INTRODUCTION


The development and deployment of unmanned systems throughout the military forces of the world is rapid, accelerating and ‘game-changing.’ The U.S. Army Medical Research and Materiel Command Telemedicine and Advanced Technology Research Center (TATRC) is conducting research and development of robotic/unmanned systems designed for combat medical missions such as critical item resupply, casualty extraction, casualty evacuation, and contaminated human remains recovery. These systems will also be applicable to logistics delivery, combat search and rescue, special operations team insertion/extraction, and civilian ‘first responder’ missions.


Combat medical missions such as resupply and casualty evacuation are dangerous missions. This is especially true for the ‘high demand/low density’ helicopter flightcrews bringing in the supplies and evacuating the wounded and the medical personnel on the ground who have to rescue and treat the wounded. Medical ‘first responders’ often become casualties themselves while trying to rescue or treat their comrades. This has been true since the beginning of armed conflict and perhaps there is a better way. Fielding robotics and unmanned systems which can perform these missions and tasks will: (1) Provide tactical commanders with increased tactical and operational flexibility; (2) Allow the execution of these missions in conditions manned platforms cannot (should not) operate in such as ‘zero-zero’ weather or a contaminated environment; (3) Husband critical medical ‘first responder’ resources; and (4) Act as a force multiplier of scarce ‘high demand/low density’ medical evacuation systems.


The U.S. Department of Defense, the various Combatant Commands Services are awakening to the revolutionary possibilities offered by unmanned systems, not just for the traditional Intelligence, Surveillance and Reconnaissance missions, but for logistics delivery, combat search and rescue, special operations team insertion/extraction, and casualty movement. It should be noted that TATRC is focusing its efforts on Medical Resupply, Casualty Extraction
 and Casualty Evacuation (CASEVAC) or Tactical Evacuation (TACEVAC).
 Unmanned Medical Evacuation (MEDEVAC) is currently beyond TATRC’s scope, but will be addressed in the future ad enabling technologies mature.


2.0
CAPABILITY GAPS & DOCUMENTATION OF NEED

The U.S. Services are looking into the future and identifying ‘placeholders’ for Medical Mission  Unmanned Air Systems (UAS) by documenting capability gaps. For example, the Navy, in its Maritime Forces 2030 Free Form Medical Deterrent System states:


· Advanced battlefield transport will make use of unmanned autonomous Vehicles


· Advanced life support systems such as the Army’s Life Support for Trauma and Transport (LSTAT) will improve enroute care


· Telemedicine, including robotics-enhanced surgery, will serve as a force multiplier


The Marine Corps Concept of Operations for Unmanned Aircraft System Family of Systems describes “…a CASEVAC system (which) will relieve the reliance on manned platforms to evacuate casualties from combat zones. The systems will move a wounded Marines or soldier from the site of his injury within the “golden hour” immediately following the trauma. This system will transport one to two stabilized, wounded Marines to an appropriate medical facility in an environmentally controlled atmosphere to eliminate exposure to the elements and variances in temperature.”

The U.S. Army Training and Doctrine Pamphlet (TRADOC) PAM 525-66, Future Operating Capability 09-06, Health Services Support says, “Future Soldiers will utilize unmanned vehicles, robotics and standoff equipment to recover wounded and injured Soldiers from high-risk areas, with minimal exposure.” Further, the U.S. Army Capability Concept Plan for Army Aviation Operations 2015-2024’


TRADOC PAM 525-7-15 says, “Army aviation capabilities will contribute to achieving the future Modular Force sustain capability requirements…… the capability of UAS to provide rapid movement of planned logistics support that enables precise delivery of supplies to forward battlefield locations..... Unmanned aircraft will ….also be capable of extraction of wounded .“   And finally, the Army’s Initial Capabilities Document for Unmanned Systems states “Force health protection capability gaps include the inability to safely diagnose, recover, and transport casualties with enroute care from areas where manned systems are denied entry or unavailable.”

Even the U.S. Congress is getting on board, having set a Congressionally Directed Goal of 1/3 of ground combat vehicles should be unmanned by 2015 and 1/3 of deep strike aircraft should be unmanned by 2020. Also, Public Law 109-364 SEC 941 – Enacted 17 Oct 06, (John Warner National Defense Authorization Act for Fiscal Year 2007) requires a preference for unmanned systems in acquisition programs for new systems, including a requirement under any such program for the development of a manned system for a certification that an unmanned system is incapable of meeting program requirements.


3.0
RESEARCH STRATEGIES

The U.S. Army Telemedicine and Advanced Technology Research Center (TATRC), part of the U.S. Army Medical Research and Materiel Command (MRMC)  has established a technology development strategy contributing to the attainment of a long term Autonomous Combat Casualty Care vision. TATRC is implementing this strategy by leveraging Department of Defense (DoD) Science and Technology funding programs such a the Small Business Innovative Research (SBIR) and Science and Small Business Technology Transfer Program (STTR). TATRC also guides and manages applicable Congressionally Directed Research Programs. Close collaboration is maintained with the various DoD and Service organizations, for example – The Robotics Systems Joint Project Office, the Army Maneuver Battle Lab, The Marine Corps Warfighting Laboratory, the Office of Naval Research, the Air Force Surgeon General’s office for modernization, and the U.S. Special Forces Command Command Surgeon. Great emphasis is placed on developing transition paths that will take the products of these R&D efforts and move them into fielded systems or commercial products.


3.1
Combat Medic UAS for Medical Resupply and Evacuation SBIR Projects

One project looking exclusively at the employment of unmanned aircraft systems (UAS) for medical resupply, casualty extraction, and CASEVAC missions is the Combat Medic UAS Small Business Innovative Research (SBIR) Project. This project is in the final year of its Phase II effort. Two companies – Dragonfly Pictures and Piasecki Aircraft (and their partners) will be conducting flight demonstrations with a representative UAS this summer. Combat Medic UAS is focusing on UAS autonomous navigation, flight, landing zone selection, takeoff and landing; and on UAS/medical personnel C2/interaction. A notional concept of operations for these missions is included below (figure 1).


A vital enabling component of unmanned medical transport missions is the development, certification and fielding of a portable, closed loop, critical care capability. Three systems are in development: (1) LS-1 (formerly LSTAT-Lite); (2) Lightweight Trauma Module (LTM); and (4) Monitoring Oxygen Ventilation and External Suction Device (MOVES).  This capability should include Electro Cardiogram (ECG), invasive pressure monitoring, non-invasive blood pressure monitoring, temperature, pulse rate, blood oxygen saturation, heart rate, infusion pumps, fluid warmer, ventilator and oxygen. Additionally, a closed-loop capability is desired whereby the critical care system, coupled with the UAS communications system, transmits patient status to the awaiting medical personnel, who in turn can use this same communications path to adjust critical care system settings.


Both companies Dragonfly Pictures and Piasecki Aircraft are using similar technical approaches, and are integrating commercial-off-the-shelf laser imaging detection and ranging systems (LIDAR), with their respective Unmanned Air Vehicle (UAV) flight control and mission management systems. The LIDARs, mounted under the chin of the each vehicle, scans in both the horizontal and vertical planes, looking for flight path and landing zone obstacles. Coupling this LIDAR/autopilot system with digital terrain maps allows the UAS to takeoff, navigate, transit, select a landing site, and land – all autonomously. Both companies will demonstrate this capability during their upcoming flight demonstrations later this year.
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Piasecki Aircraft RIEGL VQ-180 LIDAR.

3.2
Joint Medical Distance Support & Evacuation (JMDSE) Joint Capabilities Technology Demonstration (JCTD)

TATRC is also the Deputy Technical Manager for the U.S. Joint Forces Command Joint Medical Distance Support and Evacuation (JMDSE) Joint Capability Technology Demonstration (JCTD). One component of JMDSE is the Joint Unmanned Casualty Evacuation (JUMC) effort. JUMC is developing a baseline concept of operations document for combatant commander, Service and individual UAS program managers. It will describe the potential use of cargo capable, unmanned aircraft systems to provide medical re-supply, casualty extraction, casualty evacuation, and the transport of personnel with suspected or actual chemical, biological, radiological or nuclear contamination. 
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3.3
U.S. Marine Corps Limited Objective Experiments (LOE)

The U.S. Marine Corps is aggressively pursuing an Air Cargo UAS capability to meet real world mission requirements. Medical resupply and CASEVAC are of course, subsets of the larger logistics mission. The Marines hope to deploy a basic Air Cargo UAS system into the Afghanistan area of operations this summer. To support this fielding effort the Marine Corps Warfighting Laboratory (MCWL) has conducted three flight demonstrations. The first – Limited Objective Experiment 3.3 – Enhanced Company Operations, in May 2009, employed a Boeing Unmanned Little Bird UAS to delivery supplies (water, food) and evacuate a casualty (weighted mannequin), carried in an outboard cargo pod. The results were encouraging and “validated both the unmanned resupply and CASEVAC concepts…CASEVAC and resupply TTPs (tactics, techniques and procedures) require further experimentation for refinement, (and) has potential, but requires technical improvement before undergoing further experimentation.” The MCWL recommends integrated this unmanned capability into their Sea Basing Concept.


The next flight demonstration took place in January 2010, at the Dugway Proving Grounds in Utah. The first demonstration employed the Kaman/Lockheed Martin K-Max UAS and successfully demonstrated autonomous and teleoperated takeoffs, flight, delivery of sling loaded cargo, and landing. At the time of this writing the final report wasn’t available, but the Marines seemed pleased with the overall results. The third and last flight demonstration will take place in March 2010, again at Dugway, employing the Boeing A-160 Hummingbird UAS.
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3.4
Congressionally Directed Research

Congress has identified the use of unmanned systems for medical missions as a topic of interest and is funding the Advanced Multi-Missions and CASEVAC project, as a Congressional Special Interest program. This effort will build and fly/drive an integrated unmanned aircraft and unmanned ground vehicle system demonstrator capable of delivering medical supplies and extracting and/or evacuating a casualty. TATRC is managing this program on Congress’s behalf.


3.5
Unmanned Ground & Air System for CBRNE Contaminated Personnel Recovery SBIR Project

TATRC is also conducting the Unmanned Ground & Air System for Chemical Biological Radiological Nuclear and Explosives (CBRNE) Contaminated Personnel Recovery SBIR. This two-year effort will demonstrate a UAS and a ground robot working in coordination to recover and transport simulated contaminated human remains. This capability would greatly reduce risk to personnel who would otherwise have to perform this grizzly and difficult task. This capability has senior DoD attention.

4.0
CHALLENGES

There are significant technical and non-technical issues that must be addressed before a viable unmanned medical resupply and patient movement capability can be fielded. These include:


· Autonomous navigation and operations


· Robust command and control


· Standoff casualty assessment and triage


· Autonomous or extremely rapid tele-operations for casualty handling


· Tactile feedback for unmanned casualty handling systems so additional harm isn’t inflicted


· Closed-loop, portable critical care systems (as discussed above)


· Unmanned systems sensors


· Medical standards for transporting casualties on unmanned systems


· International Treaties and individual nation doctrine and policies


· Power


Below is a subjective, but informed assessment of the maturity of the various technical components necessary to field an unmanned medical resupply and casualty movement capability.
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5.0
SUMMARY

Robotic and unmanned systems are being developed and fielded in rapidly increasing numbers. Their numbers and rate of deployment will continue to accelerate as missions other than the traditional intelligence, surveillance and reconnaissance, and explosive ordnance disposal missions are addressed. One such mission area is combat medical resupply and casualty evacuation. Employing unmanned systems – unmanned aircraft, unmanned ground vehicles, and unmanned air/ground systems for these missions will provide additional operational flexibility, protect critical medical assets and personnel, and will be truly ‘game changing’ in the operational space of the 21st century.






















































� Casualty Extraction : Casualty movement from the point-of-injury to a relatively safe location where initial medical care can be provided, i.e., self-aid, buddy-aid, or Combat Life Saver aid; and prior to First Responder care, i.e., medic, corpsman or physician. NOTE this is a non-standard DoD term.



� Casualty Evacuation: The unregulated movement of casualties that can include movement to and between medical treatment facilities (DoD Joint Publication JP 1-02).
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Abstract


Combat casualty and en-route care could be improved through immediate expert medical assessment and treatment.  New approaches in the delivery of medical care have the potential to decouple the need for deployment of highly trained medical professionals with each advanced unit and the ability to provide sophisticated medical and surgical expertise on demand.  The U.S. Army Telemedicine and Advanced Technology Research Center (TATRC) is currently sponsoring several medical robotic efforts that could augment care provided by the combat medic.  This article will provide an overview of key teleoperated and automated robotic technologies being developed by TATRC that could improve combat casualty care.


1.0
INTRODUCTION


Current medical technology provides limited help to the combat medic.  Enemy fire, multiple casualties, and limited experience often delay treatment of life-threatening conditions. Non-medical teleoperated and autonomous robotic systems are proven military force multipliers that could be leveraged in medical field operations to deliver expert care when and where it is needed. These technologies could permit remote medical teams to diagnose and treat casualties as well as manage time-critical medical resources in a highly efficient manner.  The work described herein is a first step toward realizing the long-term goal of a suite of rugged, remotely operated medical robotic systems that could significantly improve combat casualty and en-route care.


Military robotic combat casualty care has three primary goals:  safely extracting patients from harm’s way; rapidly diagnosing life threatening injuries such as non-compressible hemorrhage, tension pneumothorax and loss of airway; and delivering life-saving interventions.  Morbidity statistics indicate that 86% of all battlefield mortality occurs within the first 30 minutes of trauma.  Teleoperated and autonomous surgical robots can deliver expert surgical care within the “golden hour” on the battlefield as well as during transport to military treatment facilities.  Moreover, medical robots must robustly operate in extreme environments and provide effective combat casualty care as close as possible to the point and time of injury.

Several “proof-of-concept” projects have demonstrated the feasibility of remote robotic diagnosis and treatment of casualties.  The U.S. Army has also launched several physiological sensor and image-based robotic casualty assessment and triage research projects to relay vital sign information such as skin temperature, pulse, and blood pressure.  However, these capabilities are currently only experimental and are non-ruggedized, teleoperated component capabilities at best.  Visual examination information is planar, and often lack depth and full five-sense information (e.g., tactile feedback).

Military-funded research has demonstrated that surgical robotic systems can be used to perform robotic telesurgery, successfully deployed to extreme environments, and wirelessly operated via microwave and satellite platforms. However, addressing acute and life threatening injuries, such as major non-compressible vascular injury, requires development of new field deployable surgical robots that move beyond stereoscopic, bimanual telemanipulators.  Moreover, they should leverage advances such as autonomous imaging analysis and application of directed energy technologies already used in non-medical military robotic systems. Additional research is also required to overcome the operational communication challenges of limited bandwidth, latency, and loss of signal in the deployed combat environment.  


Multiple investigators funded by the US Army Medical Research and Material Command (MRMC) are developing teleoperated and autonomous  robotic systems that could perform several basic – but critical – life saving procedures.  In particular, TATRC is directing research in several areas such as autonomous airway control, laser tissue welding, and automated anesthesia.  Several of these projects will be reviewed as well as how these systems could be integrated into casualty care platforms currently under development.


2.0
Casualty care Life Support Platforms


The Life Support for Trauma and Transport or “L-STAT” was a DARPA funded program to develop a portable intensive care unit (ICU) that would provide life support, physiological monitoring, telemedicine, and autonomous interventions during transport.  L-STAT was capable of providing up to two hours of life support and includes a ventilator with on-board oxygen, fluid/drug infusion, suction, defibrillator, blood chemistry analysis, and patient physiological monitoring. The original version of L-STAT was cumbersome and heavy, severely limiting its utility. The L-STAT subsequently evolved into the L-STAT Lite and Med-Ex 1000. The MedEx-1000 weighs less than 40 pounds and can be used independently of a litter. The Med-Ex 1000 was developed and released for sale in 2009. Current versions of the L-STAT, Monitoring Oxygen Ventilation and External Suction (MOVES) device, and the Lightweight Trauma Module (LTM) are being evaluated by the US military for future use in en-route care.


The addition of bioinformatics, wireless data communication, additional imaging capabilities, robotic manipulators, and increased mobility would move these platforms toward the goal of an autonomous field deployable surgical platform. Next generation platforms may include diagnostic enhancements such as portable ultrasound, digital X-ray, and telediagnosis via remote controlled camera. Prospective therapeutic additions explored within TATRC research include serpentine robotic manipulators for performing intubation, High Intensity Focused Ultrasound for treating hemorrhage, robotic laser tissue welding, and target controlled infusion anesthesia systems. 

3.0
TRAUMA ASSESSMENT AND INTERVENTION


The U.S. military is continually developing new diagnostic and therapeutic modalities to improve care of injured warfighters.  Some of the more promising technologies that could readily be incorporated into medical robotic systems are high intensity focused ultrasound (HIFU), laser tissue welding, autonomous airway management, and target controlled infusion anesthesia (TCIA).  This section will review these and several other technologies currently under development.

3.1
High Intensity Focused Ultrasound (HIFU)


The potential of using non-invasive methods for hemorrhage control is critical in combat scenarios where immediate access to surgery is impossible.  It has been demonstrated that HIFU can seal vascular injuries of up to 3mm in diameter and the technology is evolving rapidly.  A DARPA-funded project, “Deep Bleeder Acoustic Coagulation” (DBAC), has produced a prototype HIFU device that could be applied in a combat situation by minimally trained operators to automatically detect the location and severity of bleeding and coagulate the bleeding vessel (Figure 1). Doppler based automated hemorrhage detection algorithms are coupled with volumetric data to localize the bleeding source. HIFU delivery and dosing for safe acoustic hemostasis raises tissue temperature to a range of 70-95ºC in an operationally relevant 30-second timeframe.


Energid Technologies, Inc. has prototyped a telepresence-based robotic HIFU system that could allow a trauma surgeon or a trained operator to remotely control bleeding in a wounded soldier in the field (Figure 2). Their system implements a series-elastic actuator for arm flexibility, new methods of detecting and controlling hemorrhage through HIFU, and an intuitive human interface. The system is robust and stable even in the presence of data latency and bandwidth constraints.
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		Figure 1: DBAC powered cuff.

		Figure 2: Animation of Energid HIFU system.





3.2
Robotic Laser Tissue Welding

SRI International, Inc (SRI) is investigating robotic-assisted laser tissue welding as a means to circumvent the need for suturing (Figure 3). Telerobotic suturing is especially challenging at longer latencies which would be encountered during robotic combat casualty care.  These TATRC funded experiments used a robot to uniformly deliver laser energy to close a laceration (Figure 4). Two methods were demonstrated for direct tissue welding:  bovine serum albumin / hyaluronate acid solders and chitosan films. Robot-controlled tissue welding of lacerations in explanted pig eyes decreased the total time of tissue apposition from a manual suturing from approximately eight minutes to three minutes. Laser welded tissue had similar burst pressure as manually sutured tissue.  These experiments demonstrated that robotic laser tissue welding has potential value and further research is indicated.
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		Figure 3: SRI Robotic’s laser tissue welder.

		Figure 4: Laceration closed using tissue welder.





3.3
Autonomous Airway Management


Controlling the airway is the one of the most critical tasks that must be performed by casualty first responders.  Energid Technologies, Inc. is developing an ultra-lightweight, portable, rugged, mechatronic device capable of performing autonomous and semi-autonomous (assistive) endotracheal intubation (ETI).  The device is a battery powered, self-contained handheld unit capable of safely delivering an endotracheal tube into a patient’s airway in less than 30 seconds. To ensure portability, the device will have the approximate dimensions and weight of a beverage bottle.  Energid’s proprietary machine vision algorithms are used to direct a novel, flexible manipulator inside the patient’s airway. The system subcomponents can themselves be used as assistive technologies both for ETI vision feedback and manual ETI. The device will be capable of performing at least 10 intubations on a single battery charge. In the upcoming two years, the system will be tested in an instrumented airway phantom, and through animal and human cadaveric studies in collaboration with anesthesiologists and trauma surgeons at the Massachusetts General Hospital (MGH).

Figures 5 and 6 show the design of a two-stage flexible tube assembly mounted on a deployment unit. The deployment unit controls the tangential motion of each tube stage independently through lead screws. Three linear actuators control the tip orientation of each stage. In addition each tube tip is outfitted with an inflatable tip similar to the ones found in standard endotracheal tubes. Once positioned, the inner tube will be left behind as the endotracheal tube. The tube dimensions and material properties will be similar to standard endotracheal tubes currently used.
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		Figure 5: Energid intubation device.

		Figure 6: Simulated robotic intubation.





3.4
Target Controlled Infusion Anesthesia (TCIA)


The development of closed-loop target controlled infusion anesthesia (TCIA) systems has important implications in trauma care.  Many sedatives and anesthetics have narrow therapeutic windows and the lack of a sensor that can accurately measure serum levels has been a regulatory hurdle which has limited application of TCIA in the United States (Figure 7). The integration of closed-loop anesthesia systems throughout roles of care would greatly facilitate the management of casualties, and TCIA could have a significant impact on both military and non-military healthcare.

The University of Tennessee is currently developing an electrochemical biosensor that permits rapid and accurate measurement of blood levels of the anesthetic propofol.  The performance of prototype electrochemical biosensor designs are being evaluated for real time quantification of propofol in complex solutions.  The sensors will also be used to assess concentrations of DIPP in blood and gas.  In addition, the effects of biofouling on signal integrity in blood and assessment of performance in artificial and living systems will be determined. Organic membrane coated gold electrodes and multiple, redundant 3-wire voltametric Carbon Nano Forest (CNF)-based electrochemical cells will be tested.  Figure 8 contains an image of an early prototype CNF microelectrode sensor.
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		Figure 7: Narrow therapeutic window for propofol.

		Figure 8: UT Carbon Nano Forest  microelectrode.





4.0
ROBOT patient INTERFACE


Robotic trauma diagnosis and intervention is performed using instruments and tools mounted on the end of a robotic manipulator.  In addition to using an open approach, robots could also deliver trauma and en-route care via percutaneous and transcutaneous approaches. 


4.1
Percutaneous and Transcutaneous Intervention


Robotic manipulators used for percutaneous and transcutaneous assessment and care will require end-effectors with the ability to safely interact with the patient as well as adapt to various surface irregularities.  Ultrasound remains a promising technology for use on the battlefield.  High-resolution ultrasound imaging has been demonstrated to be capable of detecting internal bleeding and bone fractures.  In addition, an ultrasonic welding device is now being applied as an alternative to manual suturing. As previously discussed, HIFU can be used to stop bleeding relatively quickly.


In transcutaneous imaging and therapy, it is typically required that a specified level of force be applied on the patient, which is made particularly challenging due to the compliance of soft tissue and patient movement. It is extremely difficult for a manipulator to respond quickly enough to accommodate for motion due to high inertia and inaccuracies caused by low stiffness at the tool point.  Ultrasonic probes have been mounted and demonstrated on parallel manipulator devices, but the range of motion is very limited.  Alternatively, serial-parallel robot architectures can be implemented in which the serial robot moves the probe within close proximity of the patient, while a parallel mechanism end-effector maintains constant force contact of the probe using minute adjustments.  In addition to providing increased accuracy and bandwidth, a new robotic end-effector mechanism could also yield increase the level of safety through active compliance.


The best system for achieving active compliance would be to combine the gross positioning capability of a serial link manipulator with the fast response of parallel end-effector mechanism.  TATRC currently has an active SBIR program to develop a six degree of freedom (6-DOF) parallel end-effector mechanism that can be mounted on the end of a medium-sized robot manipulator for compliance-based medical imaging and surgical interventions.  The goal of this program is to build a prototype and implement a controller that can achieve active compliance of less than 2 N/cm at up to 10 Hz bandwidth.  This system will be demonstrated on a serial-link manipulator and will be compatible with field use.


5.0
OPERATION UNDER EXTREME CONDITIONS


As previously discussed, DARPA funded SRI to develop a telesurgery system that would allow a remote surgeon to treat an injured soldier on the battlefield. The technology developed in this program was licensed to Intuitive Surgical, Inc and subsequently morphed into the daVinci surgical system.  The daVinci has been widely applied in minimally invasive surgery. Currently, over 1000 daVinci systems are used worldwide and 200,000 operations are performed annually. However, this minimally invasive robotic surgery system cannot be used in an operationally and clinically relevant manner for battlefield or en route combat casualty care. The current version of the da Vinci is too large and bulky for deployed use. Furthermore, it is ill suited for trauma surgery which requires rapid open exposure and gross manipulations of tissues to identify and manually treat injuries (e.g., abdominal packing, tissue mobilization, retraction, etc). 

Due to the extreme nature of battlefield environments, the next generation mobile surgical robots will be smaller, robust trauma focused systems that leverage non-medical military telecommunication, computing, imaging, and mechanical resources. TATRC funded telesurgery research has used a variety of robotic surgical platforms to explore telerobotic surgery in extreme environments. These systems include: the University of Washington RAVEN and the SRI M7.  


The RAVEN is a small deployable surgical robot being developed at the University of Washington BioRobotics Laboratory with support from multiple government agencies including the U.S. Army. The system consists of a slave component that resides with the patient and a master controller permitting remote control of the slave by the surgeon. The master site has a surgeon console that currently employs dual PHANToM Omni devices to control two surgical manipulators/instruments, a foot pedal, and a video screen displaying images from the surgical site. The video and robot control are transmitted using standard Internet communication protocols. The user interface uses open source commercial off the shelf technology and therefore it is remarkably low cost, portable, and interoperable (i.e., it can readily control other systems with limited modifications).


SRI’s M7 surgical robot was initially developed in 1998 with funding from the U.S. Army.  The M7 leveraged military funded development of SRI’s original telepresence surgical system.  The features of this robot include a large workspace accessible via two anthropomorphic robotic arms with seven force-reflective degrees of freedom.  These robotic arms manipulate conventional “open” surgical instruments allowing for complex surgical tasks to be performed.  The system was recently upgraded with high definition stereoscopic vision, ergonomic hand controllers, and limited automation.  Both of these surgical robotic systems have been utilized in extreme environments to evaluate feasibility as well as guide future research and development.


Collaborative telesurgery research was conducted within the NASA Extreme Environment Mission Operations (NEEMO) program in collaboration with the National Aeronautics and Space Administration (NASA), the National Oceanographic and Atmospheric Administration (NOAA), the Centre for Minimal Access Surgery (CMAS), the Canadian Space Agency, and US Army TATRC. NEEMO missions occur within the NOAA National Undersea Research Center Aquarius habitat located at 19 meters depth within the Florida Keys. In 2006, NEEMO 9 explored the use of telementoring, and telerobotic surgery to provide emergency diagnostic and surgical capabilities in an extreme environment. Mission accomplishments included: the first successful deployment and use of a surgical robot (SRI’s M7) in an extreme environment and the use of microwave wireless telecommunications in support of telesurgery (Figure 9).


Simulated surgical procedures were performed to evaluate the effect of increasing latency on surgeon performance. Latency of over 500 msec was found to greatly impact performance. While the remote surgeon was able to suture simulated tissue despite 2 sec latency, placing and tying a single suture in 10 minutes is not clinically relevant. These experiments demonstrated that latency compensation up to approximately 500 msec was possible by modifying surgical technique to include slow, one-handed movements. Several technologic solutions were successfully used to overcome sub-second latency such as motion scaling. These M7 telesurgical experiments suggested further research in automation was necessary.  Astronauts on NEEMO 9 also evaluated the University of Nebraska – Lincoln (UNL) in vivo robots. These novel miniature mobile robots were deployed inside a laparoscopic simulator and found to improve visualization of the surgical field.

In 2007, NEEMO 12 primarily focused on evaluation of image guided, supervisory controlled autonomous function to overcome latency. A modified M7 was used to perform an ultrasound guided, semi-autonomous needle insertion into a simulated blood vessel The RAVEN surgical robot was also deployed and the modified SAGES (Society of American Gastrointestinal and Endoscopic Surgeons) Fundamentals of Laparoscopic Surgery (FLS) protocol was used to objectively assess telesurgical performance. In separate experiments, the RAVEN was combined with a small unmanned aerial vehicle (UAV)-based communications platform to remotely perform proof of concept surgical tasks in the high desert (Figure 10).  Finally, the M7 was modified via acceleration compensation and assessed during parabolic flight for possible future use during critical care air transport. 
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		Figure 9:  SRI M7 deployed 
undersea in Aquarius.

		Figure 10: Raven/AeroVironment 
UAV in high desert.





5.1
Telerobotic and Automated Robotic Surgery


Trauma Pod (TP) was a DARPA program to develop a semi-autonomous telerobotic surgical system that could be rapidly deployed and provide critical diagnostic and life-saving interventions in the field.  The footprint was 8ft x 18ft so that it could to fit within an International Standards Organization (ISO) shipment container for ready deployment. The Phase I proof of concept platform was comprised of a daVinci Classic surgical robot supported by an automated suite of commercially available and custom designed robots. The surgeon remotely controlled the robotic suite to perform representative tasks that included placing a shunt in a simulated blood vessel and performing a bowel anastamosis.

While the daVinci robot is not a readily deployable system, the Phase 1 effort proved that a single operator could effectively teleoperate a surgical robot and integrated suite of automated support robots to perform relevant surgical procedures on a simulated patient.  For example, the Scrub Nurse Subsystem (SNS) system, developed by Oak Ridge National Laboratory, automatically delivered instruments and supplies to the surgical robot within 10 sec (typically faster than a human). The Tool Rack System (TRS), developed by the University of Washington, held, accepted, and dispensed each of fourteen surgical tools.  The Supply Dispensing System (SDS), developed by General Dynamic Robotic Systems, provided sterile storage, delivery and tracking of standard surgical supplies. The Supervisory Controller System SCS, developed by University of Texas, provided high-level control of all automated subsystems involved in supply dispensing / tool changing and coordinated these functions with the surgical robot.  The Patient Imaging (GE Research) utilized the L-STAT platform to embed CT like capabilities as well as 2-D fluoroscopic data. The User Interface System (UIS) developed by SRI International provided a visual, verbal, aural, and gesture-based interface between the surgeon and TP system.  The visual display consisted of a stereoscopic view of the surgical site augmented by physiologic data, icons and other supporting information.


Results from the Phase I demonstration in 2007 shown in Figure 11 include:


· Automatic storing and dispensing of surgical tools by the TRS with 100% accuracy


· Automatic storing, de-packaging dispensing and counting supplies by the SDS

· Automatic change of surgical tools and delivery and removal of supplies by SNS


· Speech-based interface between a tele-operating surgeon and the system through the UIS


· Automatic coordination and interaction between system components such as the SRS and SNS


· Performing iliac shunt and bowel anastamosis procedures on a phantom by a tele-operated SRS 

Future programs will develop a single robot designed to rapidly diagnose and innovatively treat life-threatening battlefield injuries via automated ATLS procedures and damage control surgery. 
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Figure 11: Phase I DARPA Trauma Pod Demonstration.

6.0
CONCLUSION


The technological revolution of the past three decades is catalyzing a paradigm shift in the care of battlefield casualties. Telecommunications and robotic technology can revolutionize battlefield care by safely extracting patients from harm’s way, rapidly diagnosing life threatening injuries, and delivering life-saving interventions. Telecommunication and robotic limitations that prevent robust intervention at a distance are areas of continued military research and development. As these limitations are overcome, medical robots will provide robust casualty extraction and care that will save the lives and limbs of our deployed warfighters. New approaches for delivering medical care have the potential to decouple the need for deployment of highly trained medical professionals with each advanced unit and the ability to provide sophisticated medical and surgical expertise on demand.  TATRC continues to push development of distributed, autonomous medical technology that advances field medical operations and will save the lives and limbs of our warfighters.
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Future Expeditionary Medical Treatment Facilities (EMTF) are expected to achieve the same effectiveness as current facilities while facing predictions of fewer personnel, personnel with lower initial qualifications, and growing sophistication of equipment.  The present research aims to develop tools to improve the design of such facilities and equipment by providing Human Systems Integration (HSI) principles and design requirements.  Specific aims are to identify the highest priority HSI technical challenges in next-generation facilities, assess the tradeoffs among the HSI technical domains related to the design of these facilities, evaluate candidate technologies that address the HSI issues, and develop HSI guidance.


Our approach takes the following steps:  We started with an assessment of the state of the art in EMTF design, emerging technologies and important trends.  This assessment was guided by an advisory panel consisting of medical personnel experienced with remote consultation and diagnostics, and service personnel with experience in EMTFs.  We collected data from the research literature on reported HSI issues in EMTFs, supplemented by data collection through interviews and site visits.  We also identified and analyzed emerging technologies that may impact EMTFs in areas linked to HSI in the near future.  From these sources we have identified high-priority HSI issues and developed plans for an open, scalable, and flexible facility design to support HSI experimentation, with automated data collection capability.  Future work will make use of the mockup and prototype design facility to investigate high priority HSI issues in EMTFs, analyze results, and develop actionable guidelines for future EMTF design with detailed descriptions and supporting data.


Introduction


The United States Air Force (USAF) operates and manages a worldwide healthcare system that includes the capability to provide integrated healthcare from forward deployed locations.   The Air Force provides hierarchical levels of care, and provides transportation needed to rapidly move patients to higher levels of care as rapidly as possible when necessary.  At each level, doctors, nurses, technicians, and other personnel provide care to patients in a variety of types of facilities and using various types of medical equipment appropriate for the level of care expected at each facility.  Other US military services operate healthcare systems as well.  Although there are areas of overlap, the services coordinate the development of capabilities to avoid unnecessary duplication of effort.  Each service develops and operates facilities that are appropriate to the range of operations and deployments that each service is expected to conduct.  One area of particular interest to the Air Force is expeditionary medicine.  The Air Force is capable of quickly setting up medical treatment facilities and of commencing treatment of trauma patients within a few hours of arrival. Modular design allows a facility to become fully functional and offer a wide range of medical services within 24 hours. 


Human Systems Integration (HSI) is the interdisciplinary technical and management process for integrating human considerations within and across all system elements.  In this respect HSI enables systems engineering to properly consider human-related technical concerns during system planning, design, development, evaluation, and implementation.  By taking into account the interests of the operators, maintainers, and other support personnel, HSI can help optimize system performance and minimize ownership costs.  Human-related technical concerns are often overlooked in the early stages of system design.   HSI provides a structured process for identifying and addressing those concerns during the design process.    From a program management standpoint, HSI ensures that human-related concerns are properly considered and coordinated by all the technical disciplines that are concerned with each issue. From a technical standpoint, HSI ensures that human performance issues are identified early and addressed effectively in the program.  


The range of issues addressed by HSI spans multiple technical domains.  These technical domains are human factors engineering, manpower, personnel, training, safety and occupational health, survivability, habitability, and environment.  Many of these issues have different implications for different domains, and thus for some issues tradeoffs must be made across domains.  For example, pressure to reduce manpower leads to the need for personnel with higher qualifications and/or more extensive training.  Similarly, attempts to reduce human error can be addressed by some combination of improved human factors engineering of user interfaces and modified training. 


HSI can contribute to improving the design of future EMTFs in a number of ways.  Simpler system design allows crews to perform their tasks effectively and without the inefficiency and frustration of overly complex systems, thereby leading to more efficient use of available manpower.  For example, if a mobile unit can be assembled more quickly and with fewer tools, or if the site can be maintained with fewer labor hours, then a reduced staff may be sufficient to operate the facility.  Standardizing user interfaces can help reduce training requirements and lead to lower probability of user errors, especially if user interfaces in EMTFs are consistent with user interfaces of functionally similar equipment used in permanent facilities (which may be the previous and/or next duty assignment of personnel in an expeditionary facility.) 


The objectives of the present research are to identify HSI issues in the next generation of EMTFs and to develop tools to help address those issues in facility planning, design, and operation.  Issues were identified from three primary sources:  reports and interviews conducted with military medical personnel experienced in current facilities; published reports of issues in comparable systems; and issues associated with emerging technologies expected to be deployed in the next generation of facilities.  Overall, this project is focused on the design of future facilities rather than remediation of problems in current facilities.  Some of the solutions developed in the present research, however, may be applicable to current systems.


HSI Issues in Expeditionary Medicine


Over 100 potential HSI issues were identified based on our review of the literature, interviews and discussions with experts familiar with current systems, published lessons learned from other military medical facilities and mobile non-military medical facilities, and an analysis of emerging technologies that are strong candidates for implementation in future expeditionary facilities.  These issues were categorized by the HSI technical domains.  Many HSI issues were identified that involve two or more HSI domains.


Major themes that emerged from the literature include reduction of human error, improved training, impact of pressure to reduce manpower, and shift of certain responsibilities to less-qualified personnel.  Human error is a particularly sensitive topic across all sectors of health care, but the time pressure and environmental austerity often found in expeditionary medicine make error reduction a high priority issue.  Factors that may lead to higher probabilities of error include poorly-designed user interfaces, environmental conditions, inadequate training, fatigue, poor communications among team members, and stress.  Thus, attempts to reduce human error require contributions across all the domains of HSI.  


Principles of human factors engineering directly address many of the issues that are discussed in the literature.  Lai (2007) discussed the importance of human factors engineering in the designing of medical equipment and technology.  Lai suggests that applying existing national and international human factors and healthcare quality guidelines to the design of new facilities and equipment will help ensure than new devices are functional, natural to use, embraced by users, and safe.  Johannigman (2008) discussed some of the current problems faced in critical care transport, noting some fundamental human factors problems such as poor lighting, alarms that aren’t detectable in a noisy environment, display screens that are too small and hard to read at a distance or in the dark, and clumsy user interfaces.


Human factors engineering alone, however, is not sufficient to address the range of issues faced by future EMTFs.  Design of the overall facility and of the equipment and devices in the facility must be coordinated with development of the concept of operations for the facility, planning for staffing the facility, and training and equipping the staff.  Reiling (2001) described the design of a hospital that emphasized patient safety.  Important features included standardization of procedures, control of the environment (especially noise), use of automation where possible, and setting work schedules to minimize fatigue.  


Reports from deployed personnel about problems they experience highlight issues associated with personnel qualifications and training.  Ross, Smith, Smith, Ryan, and Humphreys (2008) analyzed deployed nurses’ after-action reports, many of which were related to HSI issues, including negative comments about  frequent turnover of personnel,  being assigned to jobs they have not been trained for, leaders being unable to make decisions, doctors allowing people do things beyond their scope-of-practice, and poor morale.  Similarly, Brewer and Ryan-Wenger (2009) interviewed nurses about their deployed experience on critical care transport teams and noted recurring themes of problems associated with personnel readiness, leadership, and challenges related to physical and emotional stress and sleep deprivation.  Whitcomb and Newell (2008) recommended that team composition in expeditionary medical facilities be planned to make sure that appropriate technical expertise and deployment experience is spread across teams, in particular to avoid having a team with a lack of experienced personnel.  For example, they suggested that one nurse who had emergency experience and one nurse who had intensive care experience be assigned to each team.  Such issues as these cannot be addressed by one HSI domain alone – they require coordinated action from human factors engineering, personnel, manpower, and training. 


The need for coordination of facility and equipment design with personnel selection and training is highlighted by the pressure to use lesser-qualified personnel in lieu of physicians for many activities.  Cost is usually a driver of these decisions, but the limited availability of physicians (even if cost is not a constraint) and the demand for physician time across a wide variety of activities also drives the need to shift some tasks to other personnel.   Levy, Goldstein, Erez, and Levite (2007) specifically addressed using physicians versus paramedics during ground forces operations.  Although many of the tasks that need to be performed promptly for trauma care during ground combat operations can be performed by paramedics, physicians are typically able to treat a wider variety of medical conditions and have a broader knowledge base.  Paramedics, in contrast, may be more accustomed to performing life-saving procedures in field settings, have higher levels of physical fitness, and often have other combat skills and experience that physicians don’t have.   Thus, simply substituting paramedics for physicians on a medical team impacts much more than saving money or freeing up physicians for other tasks:  it impacts overall need for specialized training, design of equipment, provisions for medical evacuation, and command and control of medical activities.


The need for team training, and for technologies to support team training, also illustrates the need for coordination across the HSI domains.  Team training is seen as a means for reducing human error in medical teams (Alonso, Baker, Holtzman, Day, King,  & Toomey, 2006) and for improving team performance in the face of reduced team size and modified composition (Baker, Gustafson,  Beaubien,  Salas, & Barach, 2005).  Baker, et al. (2005) discuss both simulator-based and classroom-based medical team training programs. They specifically recommended that future team training programs address all three components of comprehensive team training: awareness, skills practice and feedback, and recurrence.


Johannigman, (2005) captured many of the cross-domain HSI issues in his discussion of preparedness for combat conditions and other disasters.  He noted that the majority of military medical facilities are focused on maintaining the healthcare delivery system for the active duty and retired components of their service members, and thus do not (and cannot afford to) focus on the delivery of trauma care.  This prompted the development of collaborative military/civilian training platforms, which allow military medical personnel to gain trauma experience in level I trauma centers.  These training programs provide pre-deployment refresher and sustainment training for a significant number of physicians, nurses, corpsmen, and medics.   Such training, however, does not replicate the unique combat setting, but instead reflects domestic (typically urban) trauma care rendered with predictable transport time to definitive care and without the threats to survivability found in combat conditions.  Thus, military medical personnel deploy for duty in EMTFs having the bulk of their experience in traditional facilities that primarily provide routine care, with training for trauma care conducted in conditions quite different than conditions they face in theatre.  Moreover, their experience is with different equipment than is found in the EMTF and they must perform as a member of a team with which they have little training in trauma care.  


In the section below, each HSI domain is introduced, and issues associated with each domain and with multiple domains are listed.  Full details of the literature review and assessments appear in Folds, Fain, and Kelly (2009). 


Human Factors Engineering

The human factors engineering domain of HSI involves the process by which human abilities and limitations are considered throughout the design process to ensure that the overall system performance is optimized.  This domain, more than the others, is how user interface elements and other system properties are designed so that the potential for error is minimized and the desired efficiency is achieved.  


 The USAF definition of this domain follows:


“The technical consideration and application of the integration of design criteria, psychological principles, human behavior, capabilities and limitations as they relate to the design, development, test, and evaluation of systems. The goal is to maximize the ability of users to perform at required levels through the elimination of design-induced errors, and to ensure that system operation, maintenance, and support are compatible with the total capabilities and limitations of users operating or maintaining those systems.”


The following issues are associated with the domain of human factors engineering in expeditionary medical facilities:


1) Equipment or gear may not be suitable for operation in austere environments

2) Medical equipment may not be suitable for use in loud or noise prone environments

3) Medical equipment may not interface or be compatible with other equipment or gear


Manpower

The manpower domain of HSI involves determination of total numbers of humans required for a system to support full operational capabilities to support operation, maintenance, and sustainment of a system. The USAF definition of this domain follows:


“The consideration of the net effect of systems on overall human resource requirements and authorizations (spaces) to ensure that each system is affordable from the standpoint of manpower. It includes analysis of the number of people (military, civilian and contractor) needed to operate, maintain, repair, and support each system being acquired.”


The following issues are associated with the domain of manpower in expeditionary medical facilities:


1) There may not be enough people to execute the mission


2) The available manpower may not be correctly utilized 

Personnel

The personnel domain of HSI involves determination of total human characteristics (both cognitive and physical) and skill requirements for a system to support full operational capabilities necessary to operate, maintain, and support a system.


The USAF definition of this domain follows:


“The consideration of human aptitudes (i.e., cognitive, physical, and sensory capabilities), knowledge, skills, abilities, and experience levels that are needed to properly perform job tasks across the military, civilian and contractor work force to operate, maintain, and support a system in peacetime and war.   Personnel factors are used to develop the DoD Component personnel system classifications and civilian job series of system operators, maintainers, trainers, and support personnel.”


The following issues are associated with the domain of personnel in expeditionary medical facilities:


1) Personnel may be medically unfit for duty 


2) Personnel may not have sufficient personal resilience to perform


3) Team affect is important


4) There may be a need for unique non-medical skills that are not present in the team


Training

The training domain of HSI involves the use of analyses, methods, and tools to ensure systems training requirements are fully addressed and documented by systems designers and developers to achieve a level of individual and team proficiency that is required to successfully accomplish tasks and missions.  The USAF definition of this domain follows:


“Training is the learning process by which personnel individually or collectively acquire or enhance predetermined job-relevant knowledge, skills, and abilities by developing their cognitive, physical, sensory, and team-dynamic abilities. Training, as a related HSI domain, is the use of analyses, methods and tools to ensure systems training requirements are fully addressed and documented by systems designers and developers to achieve a level of individual and team proficiency that is required to successfully accomplish tasks and missions.  Training systems must ensure that the training objectives are met through the delivery of instructional methods, media, personnel, and system support through the life cycle.”


The following issues are associated with the domain of training in expeditionary medical facilities:


1) Continuous training may not be possible due to lack of facilities or resources after deployment


2) The operational tempo may not be sufficient to maintain skill level


3) Feedback may be insufficient to provide for efficient training


4) Errors may be made because triage and care practices in non-combat and combat medical facilities are not equivalent


Safety and Occupational Health

The safety and occupational health domain of HSI involves consideration and application of system design characteristics that serve to (1) minimize the potential for mishaps that may cause death or injury to operators or maintainers and (2) reduce factors that may threaten the operation of the system. Occupational Health refers to those system design features that (1) minimize the risk of injury, acute or chronic illness, or disability; and/ or (2) decrease the likelihood of reduced job performance of personnel who operate, maintain, or support the system.  (In some contexts these are treated as two domains.)  The USAF definition of this domain follows:


“The development of system design characteristics and procedures to minimize the risk of accidents, and mishaps that cause death or injury to operators, maintainers, or support personnel; threatens the operation of the system; or causes cascading failures in other systems.  Safety analyses and lessons learned are used to aid in development of design features that prevent safety hazards to the greatest extent possible and manage safety hazards that cannot be avoided.  Occupational health focuses on system design features and procedures that serve to minimize the risk of injury, acute or chronic illness, disability, and enhance job performance of personnel who operate, maintain, or support the system.  Occupational health analyses and lessons learned are used to aid in development of design features that prevent health hazards where possible, and provide recommendations on personal protective equipment, protective enclosures, or mitigation measures where health hazards cannot be avoided.”


The following issues are associated with the HSI domain of Safety and Occupational Health in expeditionary medical facilities:


1) Medical errors may not be addressed because of lack of reporting


2) Staff (and equipment) may be at risk for secondary exposure to chemical or biological agents


Survivability

The survivability domain of HSI involves consideration and application of system design features (e.g., life support, body armor, helmets, plating, egress/ejection equipment, etc) that reduce the risk of fratricide, reduce the probability of detection, reduce the risk of attack if detected, and minimize damage if attacked.


The USAF definition of this domain follows:


“The consideration of the characteristics of a system (e.g., life support, body armor, helmets, plating, egress/ejection equipment, air bags, seat belts, electronic shielding, etc.) that reduce susceptibility of the total system to mission degradation or termination.  The goal is to reduce detectability of the warfighter, prevent attack if detected, prevent damage if attacked, minimize medical injury if wounded or otherwise injured, and reduce physical and mental fatigue.  These issues must be considered in the context of the full spectrum of anticipated operations and operational environments and for all personnel who will interact with the system (e.g., users/customers, operators, maintainers, or other support personnel).  Adequate protection and escape systems must provide for personnel and total system survivability when they are threatened with harm.”


The following issues are associated with the domain of survivability in expeditionary medical facilities:


1) The facility may be vulnerable to some types of attacks at certain phases of operation


Habitability

The habitability domain of HSI involves consideration of system related working conditions and accommodations that are necessary to sustain the morale, safety, health, and comfort of all personnel.  The USAF definition of this domain follows:


“Consideration of the characteristics of systems focused on satisfying personnel needs which are dependent upon physical environment.  Habitability analyzes factors of working conditions and accommodations that are necessary to sustain the morale, safety, health, and comfort of the user population that contribute directly to personnel effectiveness and mission accomplishment.”


The following issues are associated with the domain of habitability in expeditionary medical facilities:


1) Personnel may experience problems with morale and burnout due to poor living conditions


2) Personnel may experience sleep disorders due to shift work


Environment

The environment domain of HSI involves consideration of concepts of operation and the requirements necessary to protect systems from the operational environment (e.g., shock, vibration, extreme temperatures) and the environment (i.e., water, land, air, space, and cyberspace) from the systems operations, sustainment and disposal. The USAF definition of this domain follows:


“The consideration of Environment is important in that it affects concepts of operation and the requirements to protect systems from the operational environment (i.e. shock, vibration, extreme temperatures, etc.) and the environment (i.e. water, land, and air, space and cyberspace) from the systems operations, sustainment and disposal.”


The following issues are associated with the domain of environment in expeditionary medical facilities:


1) Excessive light and noise may adversely impact medical personnel or patients


HSI Issues Associated with Multiple Domains


In addition to the issues identified below, there are many issues that span multiple HSI domains.  In the paragraphs below, issues that span two or more domains are listed.   Details of the source of reports of these issues are found in Folds, et al. (2009). 


Human Factors Engineering and Manpower

The following issues are associated with the HSI domains of human factors engineering and manpower in expeditionary medical facilities:


1) There may be too few people to operate equipment and gear


2) There may be too many people required for simple tasks


3) Situation awareness may not be preserved between shift changes


4) There may not be enough room for critical personnel to fully access the patient area


Human Factors Engineering and Personnel

The following issues are associated with the HSI domains of human factors engineering and personnel in expeditionary medical facilities:


1) The design of medical equipment and gear may be too complex for available medical personnel


2) Medical personnel may experience negative transfer due to differences between civilian and military equipment and gear


3) The design of medical equipment and gear may exclude certain operators (e.g., color blind, height / reach requirements)


4) The design of medical equipment and gear may make certain tasks more difficult for certain operators (e.g., language barriers, technical language, mental demands)


5) The design may rely too heavily on the short term memories of medical personnel


Human Factors Engineering and Training

The following issues are associated with the HSI domains of human factors engineering and training in expeditionary medical facilities:


1) Given the time available for training, the material that needs to be covered may not be adequately addressed


2) Infrequent tasks may be difficult to remember (poor retention)


3) The availability of medical equipment and gear may limit the ability for training on actual devices/equipment that will be used in theater


4) There may be an overreliance on training to attempt to overcome device complexity 


5) Complex training systems may impede skill and knowledge acquisition


6) Training may not transfer from virtual or simulator technologies to real world situations


Human Factors Engineering and Safety / Occupational Health

The following issues are associated with the HSI domains of human factors engineering and safety / occupational health in expeditionary medical facilities:


1) The design of medical equipment and gear may make it difficult to recover from errors


2) Self protection systems or electronic weapons may interfere with medical equipment and gear operation


3) The design of medical equipment and gear may make it difficult to detect when errors occur


4) User interface elements and supplies that are similar may be easily miss-identified


5) Alarms and alerts from multiple devices may be confused or obscured


6) Equipment and gear may not easily located when needed due to inadequate storage or poor organization


7) Procedural tasks may not be trained as a checklist and checklists may not be provided 


8) Medical equipment and gear may not operate properly in austere environments


9) The design may require unsafe handling of dangerous materials


10) The design may result in an unsafe exposure to dangerous materials


Human Factors Engineering and Survivability

The following issues are associated with the HSI domains of human factors engineering and survivability in expeditionary medical facilities:


1) The design may result in unnecessary exposure to hostilities


2) Protective features or equipment may interfere with ability to provide medical care


3) Medical equipment and gear may not be usable under conditions of light or noise discipline


Human Factors Engineering and Habitability

The following issues are associated with the HSI domains of human factors engineering and habitability in expeditionary medical facilities:


1) Medical equipment and gear may take up too much space


2) Medical equipment and gear may subject personnel to uncomfortable temperatures, noises, or odors


Human Factors Engineering and Environment

The following issues are associated with the HSI domains of human factors engineering and environment in expeditionary medical facilities:


1) Medical equipment or gear may not be suitable for use in direct sunlight


2) Added weight from protective gear may hinder the mission


Manpower and Personnel

The following issues are associated with the HSI domains of manpower and personnel in expeditionary medical facilities:


1) Leadership style may not be compatible with a given team


2) Personnel may be overqualified for a given job


3) Too many senior people may result in role confusion


4) A sufficient number of people with the required skills may not be available


5) The mixture of personnel may not be appropriate for the mission or operational tempo


6) There may be a need for people to perform multiple roles, due to a limited number of staff


Manpower and Training

The following issues are associated with the HSI domains of manpower and training in expeditionary medical facilities:


1) The training pace may not be able to keep up with manpower demands


2) Teams may not be able to train as a team prior to deployment


3) High turnover may reduce the effectiveness of team training


Manpower and Safety / Occupational Health

The following issues are associated with the HSI domains of manpower and safety / occupational health in expeditionary medical facilities:


1) Required number of people may not be available to ensure safe operation


2) There may be an insufficient quantity of protective gear


3) Personnel may not be aware of their own abilities to continue to provide care in the presence of stressors 


4) The work schedule may induce people to take performance enhancing drugs that result in behavioral or cognitive changes


5) Shifts may be too long because sufficient staff is not available


6) Time zone changes may result in caregiver fatigue during patient transport if sufficient staff is not available


7) High workload can lead to errors


Manpower and Survivability

The following issue is associated with the HSI domains of manpower and survivability in expeditionary medical facilities:


1) Protection may not be afforded for everyone required to operate the system


Manpower and Habitability

The following issues are associated with the HSI domains of manpower and habitability in expeditionary medical facilities:


1) The facility may be overcrowded resulting in diminished living conditions


2) High workload can cause fatigue and reduce morale 


Manpower and Environment

The following issue is associated with the HSI domains of manpower and environment in expeditionary medical facilities:


1) Large groups of personnel may have a negative impact on the environment 


Personnel and Training

The following issues are associated with the HSI domains of personnel and training in expeditionary medical facilities:


1) The training system may be too difficult/complex for available personnel


2) Procedural steps may not be captured and trained as a checklist


3) The training system may not reflect deployed conditions


4) The training system may not overcome negative transfer


5) The training system may not adequately cover teamwork or leadership skills


6) Training may not be maintained to criterion after deployment


7) There may be an insufficient mix of experienced and novice staff to promote knowledge transfer after deployment


8) There may be a learning curve when transitioning from peacetime care to combat casualty care


Personnel and Safety / Occupational Health

The following issues are associated with the HSI domains of personnel and safety / occupational health in expeditionary medical facilities:


1) Personnel may be required to perform tasks that are not part of their normal responsibilities and outside of their training


2) Personnel may not comprehend the risk associated with a specific action


3) The operational tempo may be too high for some people


4) Errors may result from poor teamwork or communication 


5) Non-technical interpersonal skills may be missing or lacking in key personnel


6) Teamwork may be degraded under conditions of high stress


Personnel and Survivability

The following issues are associated with the HSI domains of personnel and survivability in expeditionary medical facilities:


1) Personnel may not be sufficiently familiar with emergency procedures or equipment


Personnel and Habitability

The following issues are associated with the HSI domains of Personnel and Habitability in expeditionary medical facilities:


1) Personnel may not be compatible


2) Insufficient habitability may negatively impact morale, performance, and retention


Personnel and Environment

The following issues are associated with the HSI domains of personnel and environment in expeditionary medical facilities:


1) Environmental noise may impact medical personnel performance


2) Poor lighting may impact medical personnel performance


3) The operational environment may impact medical personnel performance


Training and Safety / Occupational Health

The following issues are associated with the HSI domains of training and safety / occupational health in expeditionary medical facilities:


1) The training may be inadequate to ensure safety


2) There may be an over-reliance on training to address safety problems


3) Training may expose personnel to dangerous situations or substances prior to receiving adequate information about handling dangerous substances or avoiding dangerous situations


Training and Survivability

The following issues are associated with the HSI domains of training and survivability in expeditionary medical facilities:


1) Training may not include lessons on how to integrate survivability skills with providing critical medical care


Training and Habitability

The following issue is associated with the HSI domains of training and habitability in expeditionary medical facilities:


1) Training may not represent the actual conditions where the knowledge is used or the skill is expected to be performed  


Training and Environment

The following issues are associated with the HSI domains of training and environment in expeditionary medical facilities:


1) Training environment may not reflect deployed environment 


2) Training may not adequately address risks present in the environment


Safety / Occupational Health and Survivability

The following issues are associated with the HSI domains of safety / occupational health and survivability in expeditionary medical facilities:


1) Protective gear may interfere with the safe operation of equipment


2) Critical gear may be inaccessible or difficult to access due to safety concerns


Safety / Occupational Health and Habitability

The following issues are associated with the HSI domains of safety / occupational health and habitability in expeditionary medical facilities:


1) Unsanitary conditions due to improper cleaning may lead to long term health concerns


2) Low morale may lead to a failure to observe safety protocols


3) Protective gear may be so cumbersome that it impacts compliance


4) Fatigue, stress, and high workload may contribute to medical errors


Safety / Occupational Health and Environment

The following issues are associated with the HSI domains of safety / occupational health and environment in expeditionary medical facilities:


1) Low lighting levels may lead to errors


2) High noise levels may contribute to errors


Survivability and Habitability


The following issues are associated with the HSI domains of survivability and habitability in expeditionary medical facilities:


1) Equipment and gear necessary for survivability may be uncomfortable


2) Long durations in shelters designed to provide extra protection during an attack may not provide adequate space


Survivability and Environment

The following issue is associated with the HSI domains of survivability and environment in expeditionary medical facilities:


1) Local combat may impact the ability to provide healthcare  


Habitability and Environment

The following issue is associated with the HSI domains of habitability and environment in expeditionary medical facilities:


1) The environment may influence living conditions for personnel 


Human Factors Engineering, Training, and Safety

The following issues are associated with the HSI domains of human factors engineering, training, and safety in expeditionary medical facilities:


1) Safety features may be too easily ignored  


2) Safety procedures may be too difficult to remember


Human Factors Engineering, Personnel, and Training

The following issues are associated with the HSI domains human factors engineering, personnel, and training in expeditionary medical facilities:


1) Training devices may not be realistic or of a high-enough fidelity to ensure adequate transfer of knowledge for some people


2) There may be a lack of shared mental models and situation awareness


Human Factors Engineering, Personnel, and Safety / Occupational Health

The following issue is associated with the HSI domains human factors engineering, personnel, and safety / occupational health in expeditionary medical facilities:


1) The design of medical equipment and gear may require personnel to assume uncomfortable postures


Human Factors Engineering, Personnel, and Environment

The following issues are associated with the HSI domains human Factors engineering, personnel, and environment in expeditionary medical facilities:


1) Poor arrangement of medical equipment and gear may impact the performance of some medical personnel


2) The physical layout of the medical facility may hamper teamwork


Human Factors Engineering, Training, and Survivability

The following issue is associated with the HSI domains human factors engineering, training, and survivability in expeditionary medical facilities:


1) Training on how to provide care while wearing protective gear may be inadequate


Personnel, Training, and Safety / Occupational Health

The following issues are associated with the HSI domains personnel, training, and safety / occupational health in expeditionary medical facilities:


1) Medical personnel may be distracted by the severity of the wounds


2) Team training on adaptability may be inadequate 


Emerging Technologies


Advances in technology used directly in patient care, and to support medical operations, will impact how expeditionary medical treatment facilities of the future are configured and how they will operate.  The present research is focused on future facilities, and thus it is prudent to attempt to identify emerging technologies that have the potential to impact future facilities.  Primary sources of information about emerging technologies were (1) technologies already in the pipeline of development, test, and evaluation for inclusion in Air Force medical treatment facilities; (2) technologies that are beginning to appear in advanced medical facilities in the non-military sector; (3) technologies described in the open literature with the stated context of application in medical facilities; and (4) technologies displayed or described at research conferences and trade shows for the medical profession.  Many of these technologies may never mature to the point of being candidates for inclusion in future Air Force medical treatment facilities, and of the ones that so, not all will have significant HSI issues associated with them.  The following subsections describe the emerging technologies that were identified as having HSI issues worthy of consideration before incorporating them into future EMTFs.


Patient Transfer Systems

The philosophy of the modern expeditionary medical system is one of hierarchical care.  Patients are diagnosed, treated, and stabilized to the extent required to move them up to the next level of care.  A number of HSI issues surround patient transfer.  Manual transfer may require an awkward lift that risks injury to medical personnel due to the weight of the patient and the position of lifters.  The gear and apparatus needed by the patient en route may be cumbersome especially when in transit, and the gurney or litter used in transit may not be designed to accommodate the gear attached to it.  A modular system that is ergonomically designed to facilitate patient transfer and containment of necessary medical equipment would reduce the manpower required to transfer patients while simultaneously increasing the safety of both the caregivers and the patients.  Robotic technologies will soon be available that will enable transport of patients over a variety of terrains.  A modular litter system that expands to accommodate needed medical equipment and interfaces with a robotic gurney will be feasible in the near future.


Baseline Datasets 

Military personnel in the future may have large volumes of baseline data collected about them shortly after induction and perhaps updated periodically as warranted.  For example, future inductees may have complete CT scans of the head and upper torso performed, and this data may be used in the event that reconstructive surgery is needed after trauma.   Baseline data on performance of certain psychomotor tasks may be collected to aid in diagnosis of traumatic brain injury after blast exposure.   Optical whole-body scans may be performed to aid in fitting protective gear.   Such data sets will be available in some form to medical personnel in the field in the course of providing medical treatment.  HSI issues include how those data will be presented to surgeons or other care-givers so they can be used effectively, how errors in identifying or transmitting those data can be reduced, and how medical personnel will be trained to interpret those data.


Ubiquitous Data Networks 

The availability, reliability, and bandwidth of data networks in deployed environments are expanding rapidly.  Data collected from medical technicians at the sight of the injury could arrive at an expeditionary medical facility prior to the patient’s arrival.  Medical personnel could use the information to pre-triage the patient as well as to prepare a treatment plan prior to arrival.   HSI issues include how the data will be presented to medical personnel, how to avoid biasing the decisions made by medical personnel (because of selective availability of data prior to the patient’s arrival), and training people in the EMTF and those providing transit on use and interpretation of such data.  This technology offers an opportunity to reduce certain errors and speed the delivery of appropriate care, but also introduces opportunities for new errors and need for new types of team training.     


Plasma Based Decontamination

Current technologies for decontamination involve heavy use of consumables or sterilization technologies that require relatively long periods of time to become effective.  New technologies for decontamination using protein ion discharge or cold plasma may allow personnel to safely and rapidly disinfect soldiers and equipment without needing to rely on disposable supplies.  An EMTF deployed with the ability to generate cold plasma would reduce the amount of time needed to sterilize equipment, increase the effectiveness of current sterilization techniques, and reduce the number of supplies needed to insure adequate sterilization.  This could significantly reduce the labor required for decontamination and for inventorying and handling the consumable supplies currently required by decontamination.  It will also create opportunities for new types of errors and the need for new training. 


Simulation and Augmented Reality

There are a number of technologies that are in development that may transform how medical procedures are executed and/or how medical personnel train.  For example, the capability to mix virtual imagery into or onto a patient’s body either through glasses worn by medical personnel or by optical systems that project the image provides the opportunity to more accurately translate imagery (such as from a CT scan or MRI) collected previously for use in real time during an examination or procedure (such as biopsy or surgery).  Predictive computational models may be used to help guide surgical procedures by cueing the surgeon to the location of objects to be removed.  These visualization techniques could also be used to keep parametric data about the patient’s condition or history within the field of view of the physician during an exam or procedure.  

Portable patient simulators that can be programmed to exhibit certain symptoms and respond to medical interventions may be taken to theatre and used for individual and team training.  Patient simulators can also be programmed to participate in verbal interactions with medical personnel.  These devices, perhaps combined with augmented reality, could greatly increase the capability to train in theatre and could help provide training for new procedures.  Surgical workstations that can allow the surgeon to plan and practice complex surgeries, perhaps in conjunction with patient simulators and/or augmented reality, may improve overall team performance during surgery by reducing surgery time and reducing errors.  Prosthetic wounds can be placed on non-injured personnel who are playing the role of patient during team training.  These devices can be programmed to simulate a wide variety of wounds and help improve the robustness of trauma care training, even in theatre. Such technologies create opportunities to improve performance, but also introduce the possibility of new types of errors and create the need for new types of individual and team training.  HSI issues for simulation and augmented reality technologies include the potential for new types of errors, the possibility of negative transfer of training, and the need for new personnel skills and training to support these technologies.

Robotic Surgery

Laparoscopic surgeries require less rehabilitation time and can be safer to the patient.  The disadvantage is that the surgeries are more difficult to perform and can take longer than standard surgeries.    The instruments used in laparoscopic surgeries may be difficult to control and master.  Robotic surgical systems may reduce the skills required for complex laparoscopic surgeries.  These technologies may allow for greater precision of movement than manually controlled systems.  If controlled from a workstation, the same user interface used for surgical rehearsal could be used to control the robots used in the actual surgery.  Remote surgeons could monitor the procedure and intervene when necessary.  A major HSI issue is whether these systems will be used to perform surgery in the absence of an on-site surgeon, and if so, what on-site person should oversee the surgery and under what conditions should they intervene, and, obviously, what type of training is required.


Handheld Brain Diagnostics

Brain hematomas are a common head trauma injury and may be difficult to detect without a CT scan.  Trauma victims may not exhibit symptoms until the underlying medical condition has become critical.  A number of technologies are in development that may help detect and diagnose various brain injuries.  Some are dependent on the existence of a baseline dataset for the injured patient.  Introduction of these technologies could help with patient care but also creates the need for good user interface design and training. 

HSI Tools for Future EMTFs 


The sections above present and summarize a large number of HSI issues that have been reported in the literature or identified in interviews with personnel, as well as potential issues that may arise from the introduction of new technologies into future EMTFs.  Technical solutions for many of these issues are known, and simply need to be shared with the planners, designers, and operators of future facilities.  Simply raising awareness of the issue (and its known solution) is sometimes an effective way to get the issues addressed.  Other solutions may be known generically, but need focused research to develop specific solutions for specific problems. For example, the generic solution for a system design that requires users to assume unsafe postures is to redesign the system so it doesn’t require the unsafe posture.  Information about principles of design that promote good posture, and examples of designs that support good posture, may be all that a designer needs to redesign the system.  In some cases, though, it is not apparent how to redesign the system to eliminate the problem.  In these cases a focused study on a particular point design problem may be needed to produce a solution.


The tools that are needed to provide HSI guidance to the planning and design of future EMTFs will, therefore, be a combination of assimilated existing guidance gleaned from decades of research and existing authoritative sources, properly focused and explained in terms of EMTF design, and new data generated in studies conducted as part of the present research.  These new data will be targeted at high-priority HSI issues for which the existing guidance is incomplete.  Guidance on materiel vs. non-materiel solutions is important, and for issues that span multiple domains the best solution may include elements of both.


The present research includes the development of a research facility that can be used to conduct studies to produce HSI guidance for issues in future EMTFs.  The facility, currently in development, will include capabilities to support human factors evaluations of user interface design and workstation layout, assess the effectiveness of team training and advanced technologies to support that training, and to examine the impact of networked medical technologies and data.  A series of evaluations is planned to address high-priority HSI issues in future facilities that are not adequately covered by existing guidelines and standards.


Although we have not completed prioritizing the issues and certainly have not designed the HSI tools to be developed in the present research, we envision that the tool set will reflect the following considerations:

· Existing guidelines and standards from other fields will be brought together, linked, and annotated in the context of specific EMTF-related issues


· The professional and scientific literature supporting or otherwise discussing the guidelines or other issues will be explicitly identified, with appropriate links or extracts embedded in the tools


· Methods for evaluating system or component design against the guidelines will be identified and explained


· Examples to emulate and pitfalls to avoid will be presented, illustrated, and discussed. 


Conclusions

Future EMTFs face a wide variety of HSI issues, some found in current facilities, and some with roots in the emerging technologies for future facilities.  HSI, as a systems engineering process, offers the opportunity to address these issues in a systematic way, thereby avoiding fielding systems with problems that could have been identified and avoided.  Many of the issues are relatively straightforward human factors issues that can be addressed by applying known principles to design problems in future facilities.  Many of the issues, though, go beyond the human factors domain, and will require combined contributions from multiple HSI domains in order to be addressed effectively.  In particular, coordination among human factors (for facility and equipment design), manpower (for determining staffing levels), personnel (for skill qualifications), and training (individual and team) is sorely needed to address many of these issues. 


Such coordination will not happen without the right guidance from policymakers, but even if so guided, will not be effective without good technical tools that help find satisfactory answers.  The present research is an attempt to address HSI issues facing future EMTFs in a comprehensive manner, and will produce tools that can be used by planners, designers, and operators of future facilities to avoid problems before they appear in the field. 
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ABSTRACT


Introduction

Derived from the necessity to mitigate injury outcomes across the spectrum of battlefield injury, the Joint Theater Trauma System (JTTS) and Joint Theater Trauma Registry (JTTR) were developed utilizing the American College of Surgeons Committee on Trauma Optimal Resources model in accordance with the U.S. civilian trauma system approach. This analysis was developed to highlight successes of the JTTS. 


Methods

The JTTR captured demographic, mechanistic, physiologic, diagnostic, therapeutic, and outcome data on 23,754 casualty injury events from October 2001 through December 2008 for this analysis. 


Results

In contrast to civilian trauma systems, the majority of battlefield wounds were penetrating mechanism (66.4%). Of patients admitted to deployed military medical treatment facilities, 23.4% had an injury severity score (ISS) >16, 21+4% presented in shock (base deficit >5), 30+3 % patients required blood and 6.8+2% required massive transfusion.   In response to this complex and severely injured population, the JTTS remedied numerous trauma system issues requiring system leadership and advocacy, education, research, and alterations in clinical care, including the elaboration of 31 evidence-based clinical practice guidelines.  Several of the guidelines including those for massive transfusion / damage control resuscitation, burn care, hypothermia prevention and management, wound and amputation management have been associated with demonstrable improvements in combat injury outcomes. The JTTS developed a novel performance improvement process across the global continuum of care, a process responsible for improved battlefield injury survival, notably a mortality rate of 4.1% after admission which is comparable to the U.S. civilian standards. In addition, the JTTS fostered the development of military trauma systems and combat trauma registries in several NATO coalition partners including Canada and the United Kingdom.  

Conclusions


The Joint Theater Trauma System has set the standard for trauma care on the contemporary battlefield.  The trauma systems approach has been instrumental in fostering medical partnerships with NATO allies and improvements in combat casualty care. 


Key Words: Trauma, Combat, Trauma System, Performance Improvement, NATO

BACKGROUND


The development of trauma care has been a synergistic relationship between the military and civilian medical environments for the past two centuries [1-3].  During the Civil War, military physicians realized the utility of prompt attention to the wounded, early debridement and amputation to mitigate the effects of tissue injury and infection, and evacuation of the casualty from the battlefield.  World War I saw further advances in the concept of evacuation and the development of echelons of medical care.  With World War II, blood transfusion and resuscitative fluids were widely introduced into the combat environment and surgical practice was improved to care for wounded soldiers. From his World War II experiences, Dr. Michael Debakey noted that wars have always promoted advances in trauma care due to the concentrated exposure of military hospitals to large numbers of injured people during a relatively short span of time. Furthermore, this wartime medical experience has fostered a fundamental desire to improve outcomes by improving practice[4].  In Vietnam, more highly trained medics at the point of wounding and prompt aeromedical evacuation decreased battlefield mortality rate even further [5].  


In 1966, the National Academy of Sciences (NAS) published “Accidental Death and Disability: The Neglected Disease of Modern Society” noting trauma to be one of the most significant public health problems faced by the nation. Concomitant with advances on the battlefield and the conclusions of the NAS was the formal development of civilian trauma centers.  In 1976, the American College of Surgeons produced the first iteration of injury care guidelines, the “Optimal Resources for the Care of the Injured Patient.” This concept rapidly evolved into the development of formal integrated trauma systems.  Trauma centers and trauma systems in the United States have had a remarkable impact on improving outcomes of injured patients [2, 5-18], reducing mortality by up to 15% in mature systems.  


However, despite the evolving successes of civilian trauma systems, Operation Desert Shield and Desert Storm in 1992 highlighted a number of issues in which the U.S. military had fallen behind the successful construct fostered by civilian systems of injury care.  Inadequacies were formally noted in both preparation and delivery of trauma care in the combat environment [3, 19-21].  Shortly following the terrorist attacks of September 11, 2001, the United States once again had vast numbers of soldiers committed to armed conflict.  At this juncture, the medical leadership of the joint forces enacted a plan to emplace a formal system of trauma care in theater to improve the care of the battlefield wounded.  The goal was to develop and implement a true trauma system modeled after the successes of civilian systems, but modified to account for the realities of combat.  The stated vision of the joint theater trauma system was to ensure that every soldier, marine, sailor, or airman injured on the battlefield has the optimal chance for survival and maximal potential for functional recovery, in other words, to get the right patient to the right place at the right time in order to receive the right care.


The joint military forces of the United States initiated the development of a theater trauma system in May 2004. Initial groundwork included military surgical consultant visits to theater followed by the identification of a trauma surgeon (Trauma System Director) to be placed at the theater medical command headquarters in order to introduce the concept and importance of establishing a trauma system in the theater of operations. After this preparatory phase, a collaborative effort of the Surgeons General of the U.S. military, United States Central Command, the USAISR and the American College of Surgeons Committee on Trauma, formal implementation of the system occurred in November 2004. A trauma system director and a team of six trauma nurse coordinators were deployed to theater in order to address trauma system components and to organize the medical assets and identify discrete deficiencies within the existing medical infrastructure.   From these lean beginnings, the Joint Trauma System has grown to an organization of nearly 100 personnel, both civilian and military, worldwide. To support the development of the trauma system, the Joint Theater Trauma Registry (JTTR) was developed to capture injury data including demographic, mechanistic, physiologic, diagnostic, therapeutic, and outcomes.  Utilizing data from the JTTR, trauma system leaders were able to develop data driven recommendations for Medical Commands on the battlefield as well as for CENTCOM and CONUS military medical leaders.  The evolution of the Joint Theater Trauma System has lead to advances in numerous components of battlefield injury care.

Prevention


Since the implementation of the military trauma system, the effect of new prevention measures has been most marked in the reduced number of soldiers killed from combat wounds, with current case fatality rates of 10 %, compared to 16.5% for Vietnam [23] and approximately 25% for the World Wars. Data gathered about injury patterns has driven force protection changes in combatant training and equipment.  As the conflict transitioned from a maneuver war in which most injuries were the result of gunshot wounds to an insurgency characterized by ambushes and improvised explosive devices (IEDs), wounding patterns changed from mainly small arms injuries to multiple fragment injuries.  Rapid fielding initiatives led to improvements in personal protective equipment and to uparmoring of military vehicles with anecdotal concomitant reports of a decrease in the number and severity of these types of injuries [24]. 

Training


Numerous trauma training programs, including the Army, Air Force, and Navy Trauma Training Centers associated with nationally renowned Level I trauma centers, have evolved to train providers to treat combat injury and prepare them for the realities of medical care on the battlefield.  Others courses, such as Tactical Combat Casualty Care, Emergency War Surgery, and the Joint Forces Combat Trauma Management Course have revolutionized the way medical providers are trained for wartime deployment. 


Battlefield Care 


The JTTR captured demographic, mechanistic, physiologic, diagnostic, therapeutic, and outcome data on 23,754 casualty injury events from October 2001 through December 2008 for this analysis.  Most deaths on the battlefield are due to total body disruption, severe brain injury, or hemorrhage.  Little can be done on the battlefield for primary injury from total body disruption or severe brain injury.  However, attention to hemorrhage control at the point of wounding is the focus of ongoing efforts.  Responding to feedback from medics and corpsman on the battlefield, a number of products and therapeutic devices have been fielded to the battlefield for hemorrhage control including new hemostatic dressings and newly tested and selected tourniquets.  Reports from the battlefield thus far have documented efficacy of both dressings and tourniquets in the tactical environment similar to those in the literature [25]. In addition, the new concepts of Tactical Combat Casualty Care (TC3) have revolutionized pre-hospital medical care and resulted in an increase in the number of injured soldiers who survive their injury and make it to a medical treatment facility for attempts at definitive care.


Acute Care Facilities 


The onset of Operation Iraqi Freedom was marked by a rapid ground influx of combat elements which required intrinsic medical / surgical in order to support the fast paced tempo of the conflict.  Surgical support was initially ascribed to small surgical units such as the Army forward surgical team (FST) and the Navy forward resuscitative surgical system (FRSS).  Subsequently, more robust hospital elements with more operating room and ICU capability were established throughout Iraq.   With the increased capability came an increased capacity to render higher level care to soldiers injured on the battlefield. The larger hospital units were capable of 24/7 operations and could provide trauma care at a standard that would be expected of a major trauma center in the United States. 


Leadership

With the backing of the Central Command Surgeon and the three Surgeons General, the position of trauma system director was rapidly incorporated as a valued consultant position within the theater Medical Command.  This leadership position enabled the trauma system director to rapidly implement actionable items such as data collection, standard practice guidelines and performance improvement. With the growth of the trauma system, there is now an established Trauma System Director position in CONUS.  At his level, trauma system leaders can give data driven responses over the entire continuum of patient care through level V.  These intrinsic leadership entities within the medical system drive advances within the trauma system by direct oversight of the medical processes and advocacy which ultimately leads to better patient care.


Performance Improvement


To date, over 30 trauma clinical practice guidelines have now been instituted as standards of care within the theater trauma system, including deep venous thrombosis (DVT) prophylaxis, hypothermia prevention, and damage control resuscitation.   To illustrate the efficacy of clinical practice guidelines in theater, with compliance rates greater than 80%, the rate of hypothermia upon presentation has been decreased from 7% to < 1%, burn resuscitation morbidity has decreased from 36% to 18%, and massive transfusion mortality has decreased from 32% to 20 %.    

Professional Resources 


Professional resources are a finite and precious commodity not only for the maintenance of the trauma system, but also for the medical care of injured warriors.  Evaluation of the surgical assets in theater by the trauma system made a strong case for redeploying many of the smaller surgical units after the larger combat support hospitals were established in order to conserve vital surgical resources, especially in light of the ongoing nature of the conflict and the likelihood of subsequent deployments for these individuals.

Research


Prior to the current conflict, much of the data on combat injury was derived from the Vietnam conflict and the Wound Data and Munitions Effectiveness Team (WEDMET) database [26-28].  Before the development of the formal combat trauma system, little data was being published about the conflict and the data being published was largely small series and case reports [29-40].   With the belief that research drives doctrine, a concerted effort was put forth to field the Joint Theater Trauma Registry (JTTR).  This registry is a concise form developed to capture demographic, mechanistic, physiologic, diagnostic, therapeutic, and outcome data along with a brief physical examination. To date, with improved registry capture as a direct result of the trauma system, the JTTR database contains >23,500 soldier injury records.  Through an approved IRB process, this database is available for valid research endeavors. The results being derived from this data will likely drive the course of combat trauma care for decades to come.


Ongoing joint military research efforts include the following:


· Hemostasis



· Battlefield tourniquets


· Hemostatic dressings


· Recombinant factor VIIa


· Resuscitation


· Damage control resuscitation

· Acute care

· ED Thoracotomy


· Management of penetrating colon injury


· Vascular injury management


Joint Theater Trauma Registry was utilized to publish over 152 peer reviewed manuscripts in the surgical literature, publications which educate subsequent providers deploying to care for the war injured. 


Education and Advocacy


Combat injury is the most substantial healthcare issue in theater.  Two thirds of all admissions at combat support hospitals are for injury.   One goal of this system has been to educate soldiers, leaders, and medical providers and commanders with respect to the importance of maintaining the system which has been built.  Coalition partners, including the British, Canadian, German and Australian partners have expressed sincere interest in broadening the system into a multinational coalition venture.  The combat trauma system has become the standard of care on the battlefield.


Conclusions


The combat trauma system has improved combat casualty care to a level never seen before. Combat casualties injured on the battlefield have a greater chance than ever before of surviving their injuries and returning home.  Though this marked improvement in outcomes is multifactorial, the continued evolution and development of a deployed trauma system will certainly have a lasting impact on the delivery of healthcare on the battlefield of today and the future. 


In summary, full implementation of the joint theater trauma system will insure that the credo, “RIGHT PATIENT, RIGHT PLACE, RIGHT TIME, RIGHT CARE’ will be met and lives will continue to be saved as a consequence. 
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1.0
Introduction


In his days, the much-quoted and widely renowned General Clausewitz demanded that any decision should be based on comprehensive information. He observed that a ‘great part of the information obtained in war is contradictory, a still greater part is false, and by far the greatest part is of a doubtful character’.


In network-based operations control, information becomes the primary factor, taking precedence over the other factors, that is, forces, space and time. Revolutionary technological advancements allow for large quantities of information to be securely collected, processed and transmitted in a fast and structured way. We need to dominate the information space. 


2.0
Definition of Network-Enabled Operations


To allow for this factor, the overarching principle of network-enabled operations (NEO) is applied. 


NEO means the networking of:


· All relevant entities 


· Sensors, effectors 


· Command-and-control systems 


· Soldiers on the battlefield 


· Command facilities in the country of deployment and at the operational base in Germany.


NEO are designed to improve the command, control and decision-making process of the armed forces. Especially, they are intended to:


· Establish a current and comprehensive joint situation picture and create joint situation awareness and situational understanding; 


· Maintain a knowledge of all relevant factors of influence; 


· Make a situation assessment to develop soundly reviewed fast-response options;


· Accelerate the processes of command-and-control.


In accordance with the triad of ‘information superiority – command superiority – effects superiority’, operations are to be conducted swiftly, flexibly and with precision while keeping the personnel effort as low as possible.


2.1
NEO – Capabilities of the Bundeswehr Medical Service


With respect to the Bundeswehr Medical Service, NEO comprises the following capabilities so as to achieve a higher degree of effects superiority: 


· A comprehensive joint situation picture (Medical Common Operational Picture) which is based on up-to-date, correct and non-contradictory data, and which keeps data available for the appropriate decision-makers; 


· Decision-making based on action options;


· Command superiority because of accelerated command-and-control processes. 


As for the Bundeswehr Medical Service, effects superiority means that efficient and high-quality medical support is provided by synchronising the employment of medical assets faster and with greater precision in terms of space and time, both in the area of operations and at the medical home base (reachback).  

2.2
Medical Service Information Space


Within the so-called Medical Service Information Space, information from all levels of command, medical facilities, and medical units is generated, processed, assessed and disseminated. This means that, if possible, each report and each item of information will be fed into the Medical Service Information Space only once. Users may retrieve information from the Medical Service Information Space at any time and at any location, depending on their roles and tasks within the overall system of the Medical Service.   


All the information required for accomplishing the mission are made available in an adequately complete fashion and in every kind of tactical situation, that is, using both the ‘push principle’ and the ‘pull principle’, while allowing for the constraints imposed by data protection regulations, the doctor-patient privilege, and IT security rules.  


Unrestricted technical ability for NEO exists if communication within an optimally structured IT-supported information space is possible largely without media discontinuities. This means that technical information systems and the command-and-control information systems of the armed forces and the individual armed services will be networked through technical systems. 


3.0
Command Support Requirements of the German Medical Service 


Command support comprises the functional tasks of information management, information supply, and IT security. Information supply includes the sub-areas of information transmission and information processing. The Bundeswehr Medical Service must have modern equipment and command support assets of adequate efficiency in order to provide medical care.


In this respect, the non-linearity of the modern battlefield shows certain parallels to the German concept of deployed medical service assets: Medical care is not limited to the areas of responsibility of components, armed services or combat sectors. 


Modern-day requirements of quality casualty care are ensured by the network-type structure of the overall system of the Deployed Medical Service and by the consistent application of the joint / combined principle in the assignment of medical assets. For this purpose, the Bundeswehr Medical Service needs an efficient command support structure across all organisational areas and components, with modern information and communication systems. 


All mobile units – ranging from a field hospital to a medical team – of the Bundeswehr Joint Medical Service require digital information transmission and digital information processing capabilities – data / language transmission – to maintain the flow of information. Fast evacuation and optimal casualty care can be ensured only by continuing near-real-time communication / data transmission. 

The task spectrum of the Bundeswehr Medical Service, too, requires a near-real-time, interruption-free and secure exchange of information between all echelons of military command, the deployed medical units, and all supporting components, including multinational partners. Military leaders of the Medical Service and their staffs need to be enabled to discharge their command duties in any type of situation, making use of the available personnel, material and organisational conditions. 


At present, the armed forces – and this includes the Medical Service, too – are far from having achieved this. But what we need to do now is to establish the prerequisites for this process by means of continuing development. 


The Bundeswehr Joint Medical Service still relies almost exclusively on out-of-date analog technology. The same applies to information processing, which is sometimes still done using overlays, paper and ‘non-networked hardware’. 


Expedient solutions have been procured for our ongoing missions, where experience is now being gained for a more comprehensive approach at establishing modern-type command support structures within the Bundeswehr Medical Service. We have a lot of catching-up to do in this field because in the three armed services of the Bundeswehr, modern command-and-control equipment was not really in ample supply for the medical troops back in those years when the Medical Service had yet to become an organisational area in its own right. 


3.1
Joint Command Information System (CIS)


To establish network-enabled operations capabilities, the armed forces need a Joint Command Information System (CIS). The Armed Forces CIS supports military command-and-control at the various command echelons. Currently, a system-of-systems approach is being established as the primary means to ensure the information flow within the armed forces, which includes the Armed Forces CIS and the CCI systems of the individual armed services. 


As a first step, a core system is established in the form of an Armed Forces CIS for military commands and headquarters at the operational and strategic levels which have multi-service command-and-control responsibilities. Step by step, we intend to enhance those functions of the Armed Forces CIS that have been defined as core capabilities, and then, possibly, to integrate the CIS of the armed services into a Joint CIS. However, we are going to retain the armed services’ individual CIS, which will not be ‘given up’ until it is convincingly proven that the Armed Forces CIS is equally serviceable. 


4.0
Modified Army’s CIS for the German Medical Service


Therefore, the Bundeswehr Joint Medical Service decided that a slightly modified version of the German Army’s CIS should be used for Joint Medical Service command-and-control purposes until the Armed Forces CIS is finally and fully established. Also, the Army CIS is going to be used at ISAF starting next year. 


The Army CIS provides technical support of national and multinational command-and-control processes at all tactical command levels, as well as for all basic functional areas and special staff sections. CIS equipment will be installed in ground vehicles, command posts, medical facilities, aircraft and ships. 


The Army CIS comprises three components, the first one being the software with its graphic user interface. The software has a module-type structure. The individual tools, such as maps and situation summaries, standard reports, staff functions and GPS vehicle tracking, have access to a database (Oracle). 


The hardware is the second component. It consists of a set of computer workstations interlinked with vehicles, medical facilities and command posts at different tactical command echelons. 


Information transfer is the third component. For this purpose, all medical vehicles and command posts are planned to be integrated into a long-distance, wideband (64 kbit/s or more) command-and-control component. As for distances of up to 20 kilometres, data transmission can often be effected with radio equipment (VHF, SEM 80/90). Distances of more than 20 kilometres, however, will definitively require long-distance, wideband equipment, such as SATCOM or HF systems. 


As for information transmission, a key factor will be to provide demand-oriented transmission capacity and to establish an end-to-end link of information and communication systems using suitable communication networks, while taking into consideration the particularities of transmission devices, such as their capacities and performance data. While it is indeed justified to call for end-to-end, near-real-time communication and data transmission to provide fast rescue services and optimal medical care to casualties in the field, it is a given fact that even the Medical Service will not be able to overcome the laws of physics. 


Supporting the casualty control effort at the various levels will require different types of hardware components. For example, a PECC will have control station equipment, including several monitors and a large situation map placed side by side. There will be two versions for ground-based rescue assets: 

· Large rescue assets (such as the Yak) will have 2 portable laptops, one for the driver’s cabin and one for the casualty treatment cabin;


· Small rescue assets (such as the EAGLE) will have only 1 laptop.


The Bundeswehr communication server is the central and universal component in the use of various types of radio sets for transmitting information. By introducing the Bundeswehr communication server, the SATCOM / HF / VHF systems used by mobile emergency physician teams, medical teams, and mobile medical facilities will have radio data transmission capability. The communication server establishes data links automatically or according to the user’s configuration. It works similar to a mail server. The communication server has a bi-directional address learning function.  


Examples for some functions: 


· Map-situation application, which contains important tactical information for the user, like the location of medical treatment facilities and geo-references provided by GPS sensors attached to vehicles.

· Command processing tool with the required formats.

· Staff functions to generate overviews for the basic functional areas, such as for personnel or materiel; for example, Basic Functional Area 3 staff may use it for computing road marches.

· Reporting function, which permits the use of standard formats. The reports are linked to a sign or tactical symbol, which is then automatically transferred to the map. The accident or incident is then displayed to every recipient of the message, showing a terrain reference on his map. 

· Mail function plus receipt function to show that the mail has reached the addressee. 

5.0
Patient tracking and regulating 


‘Blood is the price of victory’, as Clausewitz once observed. Even in our times, current statistics say that eighty percent of death casualties in military conflicts die as a result of blood loss.  The mainstays of all our activities are self-aid and buddy aid as well as the integrated system of qualified casualty transportation and swift access to medical treatment. Evaluations of national and international lessons learned have shown that a casualty’s chances of survival are enhanced if medical personnel take positive action at an early stage, which also is conducive to the casualty’s swift and, possibly, full recovery. For this we require a system for Patient Tracking and Patient Regulating. 

Patient Tracking is the precise and continuous monitoring of the location and the intended destination of the casualty / patient in the medical treatment and evacuation chain. In short: Who is When and Where, and what is his Destination. This does not include the status of the patient, needed treatment or available medical facilities. 


Patient Regulating is a process of control and co-ordination to ensure casualties / patients are evacuated to medical treatment facilities which are best capable of providing the required treatment, and which have the required treatment capabilities available. 


5.1
PECC


Central controlling, co-ordination and monitoring of casualty evacuation enables us to use available medical facilities and means of evacuation as effectively and efficiently as possible. Especially, this is true for Rotary-Wing Medical Evacuation = RW MEDEVAC, which is a scarce resource. In certain situations, RW MEDEVAC is the only means available to ensure that the treatment of soldiers who have sustained life-threatening injuries may be administered in time by qualified and specialised physicians. 


The PECC at the major unit level is collocated with the Operations Centre (OC), the Tactical Operations Centre (TOC), and the Joint Operations Centre (JOC). This collocation is required for a direct exchange of information between the PECC and the tactical / operational command level so as to allow for both medical aspects and tactical / operational aspects. The effectiveness of casualty evacuation control will especially depend on the availability of up-to-date information as to the casualty’s condition and, in particular, the availability of an updated picture of the medical as well as tactical / operational situation. 


6.0
Medical Command-and-Control Employment System 


To be able to meet the described requirements, the Bundeswehr Joint Medical Service will introduce the SAFES software together with the Army CIS. SAFES is short for ‘Sanitätsdienstliches Führungseinsatzsystem’, which translates as ‘Medical Command-and-Control Employment System’. 


Essentially, SAFES is intended to increase the chances of survival and recovery of injured soldiers across all echelons of command, even in a mass casualty situation (such as terrorist attacks, massive use of weaponry, or landmine incidents), by means of an IT-supported control system. 

This is done by:

· Optimising casualty evacuation management through improved situation assessment and process optimisation; command-and-control processes will be accelerated and facilitated through automation; 


· Improved information management by providing precise medical information at an earlier stage; 

· Casualty documentation 

· Casualty tracking.

All facilities, components and assets involved in casualty care, control and evacuation are going to have the same, joint type of IT equipment and software. 


These data serve to improve casualty management planning. Depending on the type and scene of the incident, the system allows us to select the nearest available means of evacuation and the facility which can admit the casualty and is best suited for providing the required treatment. The programme is designed to suggest options for further action. Also, treatment facilities may be informed early on as to the expected time of arrival and the condition of the casualty. The system’s patient tracking function will automatically record and trace the routing of the casualty. 


SAFES automatically delivers information on the medical situation, such as the current workload of medical facilities and the availability status of evacuation assets. As an extra service to the user, the system will also list the performance capacities of medical facilities and casualty evacuation assets.


By linking the SAFES software to the Army CIS software, the Medical Service has unlimited access to the respective tactical data. Emergency messages posted by tactical units will automatically be routed through the SAFES system.  


As a follow-on measure, and in a joint approach, SAFES is currently being integrated into the Armed Forces CIS, Air Force CIS and Navy CIS by adapting the software. Already at this stage, messages from the German civilian system or the systems of international partners may be fed into the SAFES system.


6.1
Medical Documentation


To provide for swift and simple transmission and handling of information, the Patient Tracking system separates a patient’s personal data from the medical data; this is done by anonymising both sets of information. Because of the strict separation, it becomes possible to transmit and store non-encrypted clinical data in keeping with data protection regulations and the doctor-patient privilege. For this purpose, each casualty will be assigned a unique pseudonymised identification number (PID), which prevents a casualty’s identity from being traced, helps to avoid mixups, and allows only authorised staff to clearly identify a patient.  

As laid down in the STANAG, the DIVI protocol or the field medical card will be used as a documentation mask in the SAFES System. 

Paper-based digital documentation is being tested during our ongoing operations and through emergency physician services at the Ulm Bundeswehr Hospital. This documentation technology has three components: digital paper, a digital pen, and application software which reads and correlates data and transfers it to the system. This technology has proven its documentation quality and sustainability. Therefore it could be an excellent supplement for the SAFES-based pre-clinical treatment documentation to allow clinical governance and to support a trauma registry. 


6.2
External Data Medium

The entire medical documentation is stored on an external data medium which every soldier carries on his person. The external data medium is a hardened electronic storage module carried on the soldier’s person, much like the identification tag. The module contains a basic set of medical emergency data, with further data to be added as required for documentation purposes. 

The basic set of data includes the following:


· Organisational data:

· Personal ID


· Military unit


· Medical emergency data


· Blood group (AB0 system with rhesus factor)


· Allergies


· Long-term diagnoses


· Long-term medication


We seek to use a contactless link to the respective SAFES computer. Its technical characteristics include:


· Flash memory


· Dimensions: approx. 25 by 60 by 10mm


· Universal physical interface (USB) as second data interface, and loading stick


· Interoperable with COTS hardware under (Windows XP / VISTA / Windows 7)

· No proprietary interface


· Contactless read / write access within a 2 to 10-metre diameter from the patient


· Rapid data transmission and retrieval


· On / off mode for data encryption


· Storage capacity: up to 2-?GB


· Storage battery lasts 6 to 9 months per charge


· Hardened


· Decontaminable

· Large bandwidth and a very large data throughput rate (>100Mbps) at short distances (~10m)


· Hard to detect.


7.0
Summary

The SAFES project in combination with the Army CIS is a complex procurement project consisting of the following components: Means of communication, software and IT hardware, vehicles, and technical equipment. Other factors to be considered include personnel, training, organisation, employment, and command doctrine. Procurement is scheduled to start next year, depending on the budgetary situation. 


SAFES will enhance the medical care and future command-and-control capability of the Bundeswehr Medical Service and establish an initial NEO capability. 


We have taken the initial steps and measures towards establishing NEO capabilities in the Bundeswehr Medical Service. Now, we have to start working on the important follow-on tasks. The Joint Medical Service of the Bundeswehr is going to take an active role in the overall effort to further improve the Medical Service’s NEO integration and to engage in its purposeful development for the benefit of the ill, injured and wounded people entrusted to its care. 


NEO in the Medical Service also includes quality management in the sense of “Clinical Governance“ (continual improvement of medical support in the area of operation) and “Evidence Based Medicine”. A cornerstone of this is the “caseload / trauma” register. The registered data may be used to analyse and assess therapy schemes and treatment results and may also, in part, be compared with civilian data. These results will then have an influence on treatment algorithms, medical employment concepts, and the procurement of pharmaceuticals and medical equipment. 


All our efforts are geared towards establishing an Integrated Medical Information and Communication System that provides interfaces with NATO as well. Much like the planned NATO system MEDICS, this will include diverse functionalities such as the use of tools, which include, for example, Operations Research (OR), modelling and simulation (M&S), disease surveillance, and e-health. 


Regrettably, though, we will not be able to fully adhere to the age-old management adage of ‘more pepper, less paper’, because when it comes to the issue of money in the military sphere, all requests need to be submitted with a full and comprehensive set of supporting documentation.  
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abstract

CORTIM’s aim is to give to the Armed Forces Medical Service (SSA) with an information system a real-time medical data management capability by integrating that data into the operational situation to enhance human and technological performance on the battlefield. Ideas developed around elements of the CORTIM project, and numerous field trials have led to an innovative concept in the business of casualty management by the SSA: The Theatre Medical Control System (RMT). The term of ‘medical control system’ is justified by the fact that at each stage of the process a Medical Officer (MO) assesses each new casualty on the basis on the data provided in order to organise his evacuation and treatment in concert with the operational command. This MO-Controller is located at next higher echelon: in that way he has an overview of the group of units for which he has the medical responsibility. After analysis of the task, three control levels, corresponding to the three levels of processing and competence have been identified. Each level is called a ‘phase’, and relates to a specific level of competence. So in the first aid phase, the regimental MO decides the commitment of medical resources; in the ‘forward medical aid’ phase, the MO-Controller at the higher formation organise the most appropriate medico-surgical reception. Finally, in the ‘strategic evacuation’ phase, the MO-Controller at national level bids for air transport support and prepares reception at the base hospital. The CORTIM project and the RMT concept form the basis of a forward medical information system integrated into the ‘digital bubble’ developed by the Digitisation of the Battlefield (NEB). Developed in the hearth of a regiment, at the cross roads of tactical and medico-logistic problems, the CORTIM project is the concrete example of the initiative undertaken by medical officers of SSA to digitise the CASEVAC chain in overseas theatres in liaison with the French armaments agency (DGA) and the single service staffs. Our studies were influenced by experience of crisis situations in the case of CORTIM, and the quality of casualty handling by the SAMU (the French Mobile Emergency Medical Service) for the RMT concept. We consider that operational casualty management can be enhanced in at least three areas. The first concerns improvements in the use of the available resources for managing casualties resulting from recent situations. This has led to a more effective assumption of responsibility, with a consequent improvement in prognosis for the casualty. The second relates to a better awareness of the context of a decision. Sharing between several decision-makers leads to greater awareness of the context. Effectively, each control operation is based on information transmitted by players in close proximity to the casualty. In our view this context-awareness limits errors of interpretation. Finally we can state that the RMT concept puts the emphasis on the casualty on an individual, and is therefore in tune with public expectations. At the conclusion of this study it would seem important to stress that the introduction of IT is not simply matter of technological problems, but can lead to major organisational changes.


Capability to accept casualties or, inversely, incapability amongst a various influential personalities, may or may not contribute to the success of military operations. This observation at a strategic level can be translated at tactical level as the management of the complete process of taking charge of casualties, requiring considerable resources. For thirty years, the loss ratio "dead / injured" has steadily declined. On the American soldiers, for example, this ratio increased from 1 / 10 to 1 / 20 between the Vietnam War and the second Iraq war. Thus, a strategic point of view, managing the care of wounded transaction is a decisive factor for the overall conduct of military operations. At operational level, the overall process of medical care requires many resources in manpower and equipment. However, the prognosis for serious injuries is related to rapid mobilization and the appropriate resources while restoring the operational capability of combat units also depends on the time of evacuation of wounded from the contact zone. The time factor seems to be one of the key elements of this support. In this context, a project to manage the operation and injured titled: Concept of Organisation for Collection and Transmission of Medical Data (CORTIM) was implemented. It is based on the premise that enhancement of information exchange could lead to a more appropriate sanitary means and thus improving the quality of care. This project resulted in the highlighting of a strong concept: the "Field Medical Control System” (RMT). It is part of the process of scanning the Battle space (NEB) whose principle is to take the advantage over the opponent by controlling information. The current missions are asking the military health service responsiveness increasingly important and the study CORTIM proposes a concept based on the scan to fit these new constraints.

1.0
Current CHALLENGES


The conditions in which our troops deploy have evolved very rapidly in recent years. On the tactical level, operations are often Conflict control operations with low expected losses. However local crises can occur and generate spates of casualty, as was the case in Côte d'Ivoire in 2004. In War actions that our forces may have to incur, the risk that an influx of casualties may temporarily exceed the capacity of the medical chain, must be considered in the planning of the operation. The absorption of these peaks of activity is even more difficult to arrange that their occurrence is random. The risk creates a new constraint on forward field casualty management. Thus the medical support operation has been designed so far in terms of the collective interest because he had to save the greatest number. The mass treatment system inherited from the Cold War seems no longer appropriate. Indeed, currently losses are sporadic and in most circumstances, the individual prognosis may be preserved. Technologically, the new digital tools provide the possibility to share personal geolocation and circulate information, and secondly, to make available health facilities in country diagnostic facilities such performance as ultrasound and CT. In terms of expertise, lack of human resources in certain specialties such as neurosurgery or radiology could be partially compensated by using telemedicine. The new challenges of the Military Health Department are able to provide support in the operational status of a quality comparable to that provided to victims of trauma in the metropolis through the introduction of IT tools.


2.0
OPERATIONNAL FIELD CASUALTY MANAGEMENT


2.1
Today

To better highlight the contributions of CORTIM, we describe here two types of operation in Western armed forces. 


The first operational management method is that of the French Army based on a four-phase chain: recovery, collection, triage and surgical treatment. To offer the best possible prognosis for each casualty help deal with the urgencies (unstable injuries) as soon as possible, the doctrine requires a pre-positioning means of a highly technical (forward medical and surgical teams). But the first determinant orientation is the triage at the surgical unit: the orientation of each injury is due at the yard, so late in the process with a 4-level categorization of emergency surgery. Throughout the evacuation chain, the data exchanged are essentially quantitative in order to ensure a classic logistics management. Moreover, the military perspective, this management skill is logistics. 

The second management method is based on a fundamentally different approach. The U.S. Army works on these basis. The "medics", that is to say, nurses specializing in emergency actions and the conditioning evacuation assigned to units deployed in theatre whose main mission is to evacuate all casualties as quickly as possible backwards. The term used to describe their modus operandi is: “Scoop and run”. They provide extraction resources as ambulance helicopters escorted by combat helicopter are planned. The exchange of information is here too, in a quantitative sense Logistics classic. The message used is brief and is called the nine lines. It merely expresses the operational constraints, being very succinct in the description of the casualty’s medical state. 

So, whether for the French Army or US Army casualty management is a logistic problem. In the forward area, Americans stress logistic resources, when French emphasise the technical level of medical staff. The CORTIM project is intended to enhance the value of this human component "à la française" whilst optimizing logistics flows, thanks to IT.


2.2
The CORTIM Project


The CORTIM project ran from 2002 to 2006 and was financed by the Commission for the Development of Participative Innovation and trialled with the support of the 21 Marine Infantry Regiment. The “Price of audacity” wad awarded for the CORTIM project in November 2006. CORTIM is a conceptual study conducted from field observations. Its focus is the management of a mass casualty during combat engagements. CORTIM’s main aim is to give to the Armed Forces Medical Service (SSA) a real-time medical data management capability, by integrating these medical data in the operating situation to enhance human and technical performance on the battlefield. We should stress here on three aspects that the CORTIM project has brought to light:


· The concept of saturating influx 


· Specifics aspects resulting from the use of medical data


· The technologies behind CORTIM. 

Let us look first at this saturing influx concept. It is important to remember that this project is based on the analysis of real situations. By analyzing the four casualties influx managed by SSA since 1991 to 2006, the essential concept of localized losses, causing saturation, was highlighted. Previously, the chain comprised two states: a waiting state, in which the chain is on standby to receive casualties, and a state of crisis related to a large-scales influx of casualties throughout the chain. However, the analysis showed that, nowadays, serious incidents tend to be localized and that casualties were saturating only one part of the medical chain. It followed that the quality of management of this influx depends less of the number of casualties overall, but rather on the saturation at a point of the chain resulting from that influx. To better reflect the peak of activity induced by this situation, the number of injuries may be related to the capacity of available resources. The overload caused by the saturating influx results in a longer period preoperative, which has a direct impact on the prognosis of the patient. To summarise, the concept of saturating influx is linked to a situation where there is a temporary and localized overload in the medical chain. Surgical deadline, decisive for the individual prognosis can then be respected. 

Secondly, the project focused on the management of medical data. CORTIM’s purpose is to allow the extraction of casualties preserving their prognosis. Processing medical data in a combat situation demands that certain characteristics are taken into account. For example, the information format must be reduced to reduce the time needed to enter and transmit it. We used a semi-explicit coding that was tested in Sarajevo in 1994, condensing each item to a three letters code. In addition, to avoid memory lapses, and to allow comparison and synthesis of assessments, the drafting has been standardized using a rolling menu guaranteeing the transmission of data essential for casualty treatment. Menus are a guide, not a strait jacket, inasmuch as it is always possible to insert free text at every stage of the draft.


Finally, the CORTIM project has a strongly intentional element: to be integrated into the NEB. This will is not neutral. Indeed, at the institutional level, opting for NEB means drawing the SSA closer to the Army. Thus, from the beginning, it was decided not to develop a specific system, but to rely on an existing development. The declared aim of NEB is to create a digital bubble in which all the components (men and material) can communicate. Therefore, in a bubble digital cognition is distributed among the various elements within it and connected the term "digital tactical awareness bubble" has meaning. CORTIM will operate in this shared digital space. One point needs to be specified here: taking into account very early breaks in the information chain. Indeed, for various reasons, the system on which the casualty management is based can sometimes fail. Soldiers' lives cannot be entirely dependent on a system exposed to the severe constraints of combat Also, a total reversal was expected. This reversibility leads to several devices simulating the state of degradation of the system. For example, adhesive labels containing the medical information will be routinely published and applied to the casualty. 

2.3
The Theatre Medical Control System (RMT)


Ideas developed around the basic elements of the CORTIM project and numerous field experiments have led to propose an innovative concept in the business of casualty management by the SSA: the RMT. 
The term “medical control system” is justified by the fact that at each stage of the process a Medical Officer (MO) assesses each new casualty on the basis of the data provided in order to organize the evacuation and treatment in concert with the operational command. This MO-Controller is located at the next higher echelon: in that way he has an overview of the group of units which he has the medical responsibility. After analysis of the task, three control levels, corresponding to three levels of processing and competence.
Each level is called "a phase" and relates to a very specific level of competence. So in the “first aid” phase, the regimental MO-Controller decides the commitment of medical resources; in the" forward medical aid” phase, the MO-Controller of the higher formation organizes the most appropriate MEDEVAC. Finally, in the "strategic evacuation phase” at national level, bids for air transport and prepares reception at the base hospital.
At each phase, the MO-Controller’s decisions are based on medical data. 

RMT leads to two types of actions: a reasoned management priorities and organization of logistics flows. 
This realization leads to a more personalized driving this support for a significant gain in quality and survival. It is therefore a major breakthrough in the field of casualty 
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Figure 1: Casualty management and data flow.


3.0
CONCLUSION


Our studies were influenced by experience of crisis situations in the case of CORTIM, and the quality of casualty handling by SAMU for the RMT concept. We consider that operational casualty management can be enhanced in at least three areas. The first concerns improvements in the use of the available resources for managing casualties resulting from recent situations. This has led to a more effective assumption of responsibility, with a consequent improvement in prognosis for the casualty. The second relates to a better awareness of the context of decision. Sharing between several decision-makers leads to greater awareness of the context. Effectively, each control operation is based on information transmitted by players in close proximity to he casualty. In our view, this context-awareness limits errors of interpretation. Finally we can states that the RMT context put the emphasis on the casualty as an individual, and is therefore in tune with public expectations. At the conclusion of this study it would seem important to stress that the introduction of IT is not simply a matter of technical problems, but can lead to major organisational changes. The project sustains forward medico-surgical doctrine by seeking every possible advantage to be gained from technology with the objective of saving lives.
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A Global Profile Database for Blood Donor's Identity, Health, and Travel  History (in its working version labelled the “Blue Evaluation Software” or BEST) prototype has been designed to meet specifications for US Air Force, US Navy, and US Army. BEST provides a working deployable interface between military needs and Commercial-Off-The-Shelf (COTS) blood software. Originally developed to work with one industry leading COTS, BEST can be customized to fit any leading compliant blood system COTS. BEST will be easy and flexible to deploy in the field and can be embraced by other civilian blood donor facilities, national security, emergency response national forces, and NATO allies. 

The analytical basic design for this prototype’s construction and customization includes specific data interfaces, electronic option donor questionnaires, identification barcode cards with local, remote, and global tasks related capabilities.  This global profile software technology solution represents a clear innovation to the Armed Services Blood Program (ASBP) global profile database of blood donors and will be able to provide continuous and universal access to donors’ information in a secure setting, to help ensure data integrity, reliability and proper records management.  BEST will assure the data are filed continually with each donor visit, each blood collection, each infectious disease test, each component manufactured from every donation and the final disposition of every blood component, and others. Started as an idea to overcome day-to-day functionality shortcomings, and developed under a U.S.  Air Force funded Small Business Innovation and Research (SBIR) project, BEST represents an innovative approach within real constraints to global profile software technology with both local and global field deployment potential capabilities. 

1.0
Small business Innovation and research (SBIR) Program


The Small Business Innovation Research (SBIR) Program was established by the U.S. Congress in 1982 to fund Re​search and Development (R&D) through small businesses of less than 500 employees. Eligible projects must serve a Department of Defense (DoD) R&D need and have potential to develop into a product or service for commercial and/or defense markets. The DoD SBIR Program is part of a larger Federal SBIR Program administered by 11 Federal Departments and Agencies. See Figure 1 for the US DoD SBIR participation by component and Figure 2 for the US DoD SBIR budget by component [1].
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		Figure 1: The US DoD SBIR Participation by Component [1].

		Figure 2: The US DoD SBIR 
Budget by Component [1].





The purpose of DoD's SBIR and Small Business Technology Transfer and Research (STTR) programs is to harness the innovative talents of the United States small technology companies for U.S. military and economic strength. Each year, the DoD issues three SBIR solicitations which identify hundreds of topics from the DoD components that represent serious scientific and tech​nical problems requiring innovative solutions. The topics are available online. Small businesses respond to solicitations by sub​mitting Phase I proposals electronically during the four week open period.


 To participate, a company must: 


· Be a small business with 500 or fewer employees; 


· Be independently owned and operated and organized for profit; 


· Have its principal place of business in the U.S.; 


· Be at least 51% owned by U.S. citizens or lawfully admitted permanent resident aliens. 


In addition: 


· The primary employment of the principal investigator must be with the recipient small business. 


· A minimum of two-thirds of the research work must be performed by the proposing firm in Phase I and half in Phase II.
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Figure 3: The US DoD SBIR Process.

The SBIR program is a 3-phased program as illustrated in Figure 3. Phase I contracts are typically for up to $100,000 over 6 months. Phase II contracts are typically for up to $750,000 over 24 months. Government scientists and engineers who are ex​perts in a particular topic area review the proposals and evaluate them based on: 


· Soundness, technical merit and innovation of proposed approach; 


· Qualifications of the principal/key investigators and supporting staff; 


· Potential for government or private sector commercial application.


During Phase I, the small business carrying out the SBIR work develops its technical design and also prepares a proposal for Phase II. The Phase II proposal includes a commercialization strategy explaining how the small business expects to rapidly move the technology to widespread commercial (Government or private sector) use. Logically following on the commercialization oriented work of Phase II, Phase III represents the successful culmination of a SBIR project. While Phase II success is measured by whether the prototype product or service developed by the small business can meet a need, Phase III success is indicated by the small business marketing and selling the products or services outside of the SBIR Program. Phase III revenues can be obtained from Government or private customers, and cannot use SBIR funds (these are reserved for Phase I and II projects). Phase II is typically a demonstration phase in which prototypes are built and tested in a period of performance. Finally, Phase III is the commercialization stage and the ultimate goal of the SBIR program.  It refers to work that derives from, extends, or logically concludes efforts performed under prior SBIR funding agreements.  Adding to the support provided under the previous phases, this final phase also provides the SBIR recipient reaching Phase II with authorization for non-competed or “sole source” contracts from the Government for an extended five year period. Sole source is permitted because the normal competition requirements for government procurement are deemed to have been satisfied in Phases I and II.  Phase III work may be for products, production, services, R&D, or any combination thereof.  There is no limit on the number, duration, type, or dollar value of Phase III awards, and small business size limits that restrict awards to small businesses during Phases I & II do not apply to Phase III. This program therefore provides the government with access to technologies that result from small business innovation, while giving the recipient funding for design and development as well as facilitation to make public sector sales.

CAMRIS submitted a Phase I O063-H08-3234 proposal to the SBIR FY 2006.3 solicitation which was available as Pre-solicitation in August 2006, was posted online in September 2006 and closed in October 2006. There were 60 Office of the Secretary of Defense (OSD) topics among 160 overall SBIR DoD topics. There were 37 Phase I proposals submitted, of which four were selected to continue to Phase I. CAMRIS’ proposal was the only one selected to continue under Phase II. CAMRIS is now initiating Phase III.

1.1
SBIR Phase I

An SBIR Purchase Order FA8650-07-M-6729 dated February 28th 2007, indicated a March 1st 2007 SBIR Phase I starting date for CAMRIS International and its initial participating technology subcontractor to develop a global profile software technology for the U.S. Air Force and the Armed Services Blood Program (ASBP). 


Phase I included a proof of concept to provide universal access to donor identity, previous deferrals, and travel history to assist data filing continuity of the blood bank collection facilities managed by the Air Force Research Laboratories (AFRL) located in the Wright-Patterson Air Force Base (WPAFB) based in Ohio. The joint team led by Dr. Maria Trujillo from CAMRIS International and additional software specialists from the COTS provider analyzed how the COTS FDA 510(K) cleared blood donor management information system could be adapted to the specific needs of the DoD. Even though software systems to track donor identity, previous deferrals and travel history are commercially available from a number of firms including the initial subcontractor, the knowledge management needs of the U.S. Air Force and the DoD Armed Services Blood Program (ASBP) required and continue to require new and novel software development.  In deployment, BEST with its COTS “engine” solves information retrieval problems and provides continuous and universal access to information in a secure setting.  These systems ensure data integrity, reliability and proper record management so that data are filed continually with each donor visit, each blood collection, each infectious disease test, each component manufactured from every donation, and the final disposition of every blood component. As a result, the ASBP global profile database of blood donors is powered by the COTS system but adapted to the specific needs of the Armed Forces.  

CAMRIS understood the challenge for Phase I as the development of the necessary software layers to meet the ASBP knowledge management needs while maximizing the proven benefits of a commercially leading COTS solution. 

SBIR Phase I (May-Sep 2007) allowed CAMRIS to develop the BEST global profile software technology prototype. In Phase I of the SBIR project, the feasibility of BEST was demonstrated as it could be applied to the USAF and ASBP global profile database of blood donors. CAMRIS BEST solution enabled the team to start with FDA 510(K) cleared COTS powering the BEST solution, a clear innovation to the ASBP global profile database of blood donors. BEST has been designed to provide universal access to donor identity, previous deferrals, and travel history in order to assist data filing continuity of the blood bank collection facilities of the USAF and the ASBP. BEST has been designed to provide continuous and universal access to information in a secure setting, help ensure data integrity, reliability and proper record management, such that data are filed continually with each donor visit, each blood collection, each infectious disease test, each component manufactured from every donation, and the final disposition of every blood component. 

The project has come to grips with the practical constraints implicit in the development of this new technology thus laying a good foundation upon which a subsequent Phase II project can be successfully implemented. Phase I demonstrated the general feasibility of the concepts and illuminated the technical hurdles to be crossed in the future. Phase I efforts also demonstrated the team’s capability for technological innovation, developing new commercial products, processes, and services to benefit the government and/or the public. 


We started this six month SBIR Phase I project on March 1st 2007 with an accelerated timetable. We completed all of the proposed activities ahead of schedule, as follows:

Table 1: SBIR Phase I Delivery Schedule.

		

		

		Scheduled

		Status

		Comments



		1. Determination of technical feasibility

		Interim Report #1

		April 30, 2007

		COMPLETED on April 21st 2007

		9 days earlier



		2. Design of GUI layer of BEST

		Interim Report #2

		June 29, 2007

		COMPLETED on June 21st  2007

		8 days earlier



		3. Demonstration of BEST prototype

		First Demonstration in person in WPAFB

		August 28, 2007


		COMPLETED on June 5th  2007

		53 days earlier



		

		Second demonstration via Live Meeting and phone conference

		
August 28, 2007


		COMPLETED on August 15th 2007

		13 days earlier



		Final Report 

		

		September 27, 2007

		COMPLETED on September 9th 2007

		18 days earlier





We dramatically accelerated our completion rate in order to demonstrate functionality before Phase II recommendations took place. Phase I deliverables included one demonstration of BEST, however a second demonstration was added to highlight the Graphical User Interface (GUI) prototype features for global profile software technology, in particular the donor management module. Our two demonstrations: 1) in person on June 5th 2007 and 2) via Live Meeting and phone conference on August 15th 2007 allowed us to demonstrate the minimum set of specifications required for Phase I, in addition to full functionality of many other BEST features. During performance of Phase I, CAMRIS initiated what would normally be considered Phase II activities regarding commercialization considerations of BEST.

The minimum set of requirements and specifications for BEST in Phase I were defined as: 1) global donor deferral; 2) global lookback; 3) an interface with laboratory testing equipment; 4) accurate, timely, and readily available reports; and 5) cryovial shipment and storage management. BEST as demonstrated covered these six original requirements depicted in Table 2 below:

Table 2: SBIR Phase I Original Design Requirements.

		Six original design requirements



		Global donor deferral



		Global lookback



		Laboratory testing equipment interface



		Accurate, timely, and readily available reports



		Cryovial shipment and storage management



		Total asset visibility





1.2
SBIR Phase II

Four scientists led by Program Manager Maj. Ileana  Hauge from  711 HPW/RHPB WPAFB, Ohio and CAMRIS International received OSD funding on September 15th 2008 for the SBIR PHASE II “BEST” Global Profile database to support Donor’s Identity, Health, Travel History. This project was approved by OSD to be added to the Theater Medical Information Program (TMIP), which is a multibillion dollar program to meet multiple DoD and NATO military cyberspace safety needs. “BEST” is powered by the prototype FDA 510(K) cleared COTS to meet critical shortcomings of the Defense Blood Standard System (DBSS) and meet “unfulfilled needs” stated by ASBPO [5]. Compatibility to DBSS data has required a collaborative effort a team of computer engineer scientists from other DoD and government agencies. SBIR PHASE II “BEST” Global Profile database to Donor’s Identity, Health, Travel History incorporates specifications for Air Force, Navy, Army, and global requirements with easy deployment to the field, likely to be embraced by NATO allies. The SBIR Phase II award advances BEST from prototype through full deployablity across military blood services.   This unique project goes beyond SBIR goals, and builds new opportunities for United States DoD and NATO to lead future cyberspace missions.The team successfully completed their SBIR Phase II first year report (Sep 2008-2009) for contract FA8650-08-C-6834 for the development of the BEST software prototype. Currently BEST is still being designed to meet specifications for the US Air Force (USAF), US Navy, and US Army. BEST will be easy and flexible to deploy in the field and can be embraced by other civilian blood donor facilities, national security, emergency response national forces, and NATO allies. Noteworthy in this 12 month period is the completion and demonstration of the majority of the functional DoD requirements established for the BEST prototype. This global profile software technology solution represents a clear innovation to the ASBP DBSS database of blood donors and will be able to provide continuous and universal access to donors’ information in a secure setting, to help ensure data integrity, reliability and proper records management.  BEST will assure the data are filed continually with each donor visit, each blood collection, each infectious disease test, each component manufactured from every donation and the final disposition of every blood component, and others. Goals achieved in the SBIR Phase II first year include: an executed data use agreement between CAMRIS/USAF, successful transfer of AFBP DBSS retired data to CAMRIS, the launching of a secure website for the public and working groups, and three live demonstrations of DoD requirements.

The CAMRIS team began regular (weekly) meetings December 22nd 2008 to discuss DoD requirements.  Since then, a web-based workgroup area has been established by CAMRIS for online document sharing and collaboration http://bestblood.camris.net/  (public username: Demo  password: dBEST01!).


The CAMRIS team agreed on the technical scope of the BEST prototype as follows: ‘build’ refers to table definitions, user-definable rules and application configuration settings of standard commercially available software so that it can be run in an environment simulating DoD use.  The term ‘build’ does not refer to analysis, design or coding of software or enhancements. The CAMRIS team identified and reviewed key documents for requirements analysis.  CAMRIS generated all the Standard Operational Procedures (SOPs), DBSS audits, and other documents that provided a basic understanding of requirements definitions for the original high-level specifications. 

1.2.1
DoD Blood Donor Management Standard Operating Procedures and Processes (SOPs) as Basis for Specifications of a Modification Code Set for a COTS


The objective of these activities was to provide a general description of the DoD Blood Donor Management processes and procedures using the legacy system DBSS v3.04. We did not focus on understanding information about policies, but rather focused on understanding DBSS v3.04 processes as “written descriptions of “how” a DoD facility using DBSS v3.04 turns the intent stated in the policies into actions to implement the applicable regulations, requirements and standards.” We organized procedures based on the processes. The documents referenced in the process-based procedure manual generated were then divided by donation and transfusion centers.


The following Standard Operating Procedures and Processes (SOPs) for DoD Blood Donor Management were created as part of the SBIR Phase II efforts based on AABB SOPs [3]:


1) GLOB‐001‐Global Description of DoD Blood Donor Management


2) GLOB‐002‐Reports Inventory DoD Blood Donor Management


3) GLOB‐003‐Data Conversion from DBSSv3.04 to COTS


4) SOP‐003‐ DoD Blood Donor Management Blood Donor screening


5) P1D‐001‐ DoD Blood Donor Management Donation process


6) SOP‐009‐ DoD Blood Donor Management Lookback case


7) SOP‐018‐ DoD Blood Donor Management Lookback Reports (HCV Summary, Donor Implication, Person Implication, Transfusion Implication)


8) SOP‐018‐ DoD Blood Donor Management Daily Donations and Donor Rare Qualities Reports


9) SOP‐018‐ DoD Blood Donor Management Upload Report (Disposition, Projected Units Expiration, Inventory, Transfusion, and Shipment feeder)


10) SOP‐018‐ DoD Blood Donor Management Product Reports (Destruction and Disposition)


11) BOR‐DD2555‐ DoD Blood Donor Management Blood Operations Report


12) SOP-020- DoD Blood Donor Management Mobile remote blood drives


These SOPs will have to be created and documented by any COTS vendor, and validated by DoD, for the necessary adaptation of any COTS to support DoD Blood Donor Management. These SOPs also constitute CAMRIS’ SBIR Data Rights. These rights are granted to and protected by DFARS 252.227-7018, Rights in Non-commercial Technical Data and Computer Software SBIR Program. 


1.2.2 
DoD Blood Donor Management COTS Design Requirements

Based on our review of the requirement documents for DoD Blood Donor Management, we identified functions included in the initial system design that still had not been incorporated into the current DoD Blood Donor Management processes. The following is the list of original design requirements that the BEST prototype was designed to comply with ((= accomplished):

1.2.2.1  Global Donor Deferral 




(

1.2.2.2  Global Lookback 





(

1.2.2.3  Accurate, Timely, and Readily Available Reports 
(

1.2.2.4  Cryovial Shipment and Storage Management

(

1.2.2.5  Laboratory Testing Equipment Interface


(

1.2.2.1
Global Donor Deferral

A global donor deferral capability would allow DoD blood donor centers to determine whether potential blood donors had been permanently or temporarily deferred from donating blood at any DoD Blood Program Organization. DBSS will identify and flag deferred donors, but the capability is limited to each individual facility. That limitation is significant for DoD because the DoD population is transient and could donate or receive blood products at many different locations. The advantages to having a global donor deferral capability is that it could reduce the time necessary to identify deferred donors, reduce unnecessary infectious disease testing, and save time spent by technicians in collecting and processing blood products that may ultimately have to be destroyed. In addition, the capability could decrease the possibility of the release of an inappropriate blood product. A global donor deferral capability was identified as an initial requirement for inclusion in DBSS version 2.00 and the required completion date was September 1999 in the Medical Readiness Strategic Plan 1998-2004 (the Strategic Plan), August 1998.[2]


The BEST prototype now complies with this functional requirement (Global Donor Deferral), and was demonstrated on February 23rd 2009. The demonstration included donor registration, screening and deferral functionality.

1.2.2.2
Global Donor Lookback

A global lookback capability would allow the tracking of blood product disposition, blood donors, and blood recipients from a centralized location. The FDA requires a lookback capability to identify all donors and recipients of possibly infectious blood and any blood products that may have been donated by those individuals. It is performed for blood products that have tested positive for the human immunodeficiency virus, the hepatitis C virus, or the human T-lymphotrophic virus type-1. Currently, if a lookback must be performed, DBSS must be searched at every applicable facility to determine the source and recipients of the infectious blood products to ensure that the spread of the disease is contained and the recipients are treated. The advantages to having a global lookback capability are that it reduces the time necessary to search for blood products, donors, and recipients and could decrease the possibility of the release of an inappropriate blood product. A global lookback capability was identified as an initial requirement for inclusion in DBSS version 2.00 and the required completion date in the Strategic Plan was September 1999. [2]


The BEST prototype now complies with this functional requirement (Global Lookback) , and was demonstrated on July 13th 2009.

1.2.2.3
Accurate, Timely, and Readily Available Reports

Accurate, timely, and readily available reports would reduce the need to manually create reports for internal and external uses. The thirteen (13) fixed facilities we contacted during this audit all reported problems with DBSS reports. Users stated that the DBSS reports did not provide sufficient information for inventory management or planning purposes. In addition, only one (1) of thirteen (13) fixed facilities contacted had successfully generated an accurate feeder report for the DD Form 2555 “Blood Bank Operational Report” the quarterly report that contains all blood inventory and operations data for a Blood Program Organization. The Blood Bank Operational Report is the primary operational report for the Blood Program; the report data is consolidated by the Service Blood Program Offices and forwarded to the ASBPO. The ability for DBSS users and Blood Program management to obtain accurate and timely reports from DBSS would reduce the time necessary to compile report data and reduce possible reporting errors due to the manual recording of data or manual calculations.

The need for accurate, timely, and readily available reports was identified as an initial requirement for inclusion in DBSS version 1.00 and, although past system updates contained changes to reports, the problems had not been completely resolved by version 3.03. Of the 729 outstanding system requests, 90 concern DBSS reporting. However, as of May 2001, there were no report-related system requests approved for development or funding. The DBSS Project Office planned to correct this by surveying the user community for reports created at individual Blood Program Organizations that could have universal benefit to all users. [2]


The BEST prototype now complies with this functional requirement (Accurate, timely and readily available reports), and was demonstrated on July 13th 2009.


1.2.2.4
Cryovial Shipment and Storage Management

A cryovial shipment and storage management capability in DBSS would ensure that a cryovial can be easily identified and traced to its corresponding frozen red blood cell unit. Currently, cryovial inventories are maintained on various database programs, not DBSS, while frozen red blood cell inventories are maintained on DBSS. The cryovial inventory reports and DBSS frozen red blood cell inventory reports do not contain identical data, which makes it difficult to reconcile the two reports.  A reconciliation of the reports is necessary to update the cryovial inventory when frozen red blood cell units are destroyed, used for training purposes, or shipped to another location.  A cryovial shipment and storage management function in DBSS would ensure that the data reported for a frozen red blood cell unit and its cryovial are identical and would expedite the process of identifying cryovials for testing or for destruction.  Cryovial shipment and storage management was identified as an initial requirement for inclusion in DBSS version 1.00 and, in November 1994, subsequent to the deployment of DBSS version 1.00, a system change request was submitted for the function.  As of June 2001, the system request had been approved, but was assigned a low priority. [2]

The BEST prototype now complies with this functional requirement (Cryovial shipment and storage management), and was demonstrated on November 23rd 2009.


1.2.2.5
Interface with Laboratory Testing Equipment

The capability to record laboratory test results in DBSS through the use of an interface with the laboratory testing equipment would reduce the need for the manual entry of more than one million infectious disease test results annually.  Some of the blood donor centers perform their own testing; however, most infectious disease testing is performed at centralized DoD or contractor testing sites that transmit the test results back to the blood donor center by facsimile.  DBSS requires the test results to be entered twice and if there are any discrepancies between the data entered they must be reconciled.  An automated interface with the testing equipment, whether the testing is performed at the blood donor center or at another site, would reduce the possibility of manual entry errors and reduce the risk of releasing inappropriate blood products.  In addition, since a blood product cannot be released until test results are entered, the interface could allow for faster release of blood products for transfusion or shipment.  The laboratory testing interface was identified as an initial requirement for inclusion in DBSS version 1.00 and the required completion date in the Strategic Plan was March 1999.  The function was funded for development in FY 2002 and FY 2003. [2]

The BEST prototype now complies with this functional requirement (Interface with laboratory testing equipment), and was demonstrated on November 23rd 2009.


1.2.3
DoD Blood Donor Management COTS Design Specifications

In sum, BEST requirements and specification definitions for the original high-level specifications were accomplished as follows:


Table 3: SBIR Phase II Original DoD Design COTS Specifications. 

		· Global donor deferral


· Global lookback


· Accurate, timely, and readily available reports


· Cryovial shipment and storage management


· Laboratory testing equipment interface


· Total asset visibility

		· Basic donor registration in COTS donor management module

· Donor screening in the Donor Doc application using Blood Donation Record DD Form 572.


· Transmission of donor deferral, reported travel history, and physical exam results via the interface from COTS donor module

· COTS donor recruitment module as it applies to ASBPO using donor groups are managed within DBSS.  This new capability, which is not feasible with DBSS, allows facilities to create recruitment lists that exclude ineligible donors.  


· DD2555 Blood Bank Operational Report - Research, prototype, and coding activities were completed for the BEST custom report RPT_055.  This report lists all components created from a single donor and identifies each component’s disposition.  


· Cryovial Shipment & Storage was addressed by adding a new CRYOVIAL component.  This component is created during the manufacturing process and is identified by the same Blood Unit Identification number as the parent donation.  After creation, the cryovial may be located, transferred to another location, and used for subsequent testing.  


· Interfaces for laboratory equipment were successfully tested to COTS components of the BEST prototype. 


· Migration to an upgraded COTS donor module of BEST incorporated new functionality from a pre-release version that included capabilities to:


· Transfer products between locations


· Quarantine and/or discard either labelled inventory or components in process of manufacture


· Create Inventory Orders and to ship products to fill Inventory Orders





1.3
Conclusion: The Phased SBIR – Why it Works in the U.S. for DoD

This project started as an idea from Major Ileana Hauge (USAF/WPAFB) to overcome day-to-day shortcomings, and developed into a Small Business Innovation Research (SBIR) project. During Phase I, CAMRIS carried out 67% of the small business work which included the creation of a Phase II proposal which included a commercialization strategy explaining how CAMRIS expected to rapidly move the technology to widespread commercial (Government or private sector) use. During Phase II, CAMRIS carried out 51% of the work in creating an innovative approach within real constraints to global profile software technology with both local and global field deployment potential capabilities.

Furthermore, CAMRIS considers the SBIR Phase III to represent the successful culmination of this SBIR project. While the Phase II success was measured by whether the BEST prototype developed by CAMRIS can meet a need, Phase III success will be indicated by the CAMRIS marketing and selling the products or services outside of the SBIR Program. Phase III revenues can be obtained from Government or private customers, and cannot use SBIR funds (these are reserved for Phase I and II projects). Phase II (now a few months from concluding in September 15th 2010) has been the demonstration phase in which prototypes are built and tested during the period of performance. 

Finally, Phase III is the commercialization stage and the ultimate goal of the SBIR program.  It will refer to work that derives from, extends, or logically concludes efforts performed under prior SBIR funding agreements, and  can be funded by the commercial sector or government sources other than the SBIR Program.  No further competition is required for a Phase III award as the competition requirements are satisfied in Phase I.  Phase III work may be for products, production, services, R&D, or any combination thereof.  There is no limit on the number, duration, type, or dollar value of Phase III awards and the small business size limits for Phase I & II do not apply. We are optimistic in the Phase III commercialization potential of the BEST prototype in the U.S. DoD and NATO.
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ABSTRACT


The mission of the Telemedicine and Advanced Technology Research Center (TATRC) is to “explore medical science and engineering technologies ahead of programmed research, leveraging other programs to maximize benefits to military medicine.” One of its major research portfolios is Medical Simulation and Training Technology.  The vision for this portfolio is to facilitate a paradigm shift in medical training, from a subjective mode of skills assessment to a curriculum-aligned, metrics-driven, objective system to assess proficiency of skills -- both cognitive and psychomotor – from the foxhole to the operating room and beyond.


Based on a strategic plan developed on input from a 70-person Integrated Research Team in 2000, our technical strategy is to identify and develop “enabling technologies’ into components that can be integrated into SYSTEMS of simulation-based training, then assess them to determine the degree to which they transfer skills learned via simulation to the delivery of actual health care.  Examples of enabling technologies include real-time in vivo tissue property measurement, haptics, tool-tissue interactions, graphics and visualization, learning systems, and metrics development. 

TATRC is funding and managing research in four broad categories: PC-based interactive multimedia, digitally enhanced mannequins, part-task trainers, and total immersion virtual reality.  This presentation will identify examples of enabling technology projects as well as representative projects within these four categories, identify their goals, report on progress toward milestones and, if data is available from two studies underway, they will be presented. A few examples that may be included are:


· Enabling technologies: High-Fidelity Computer Modeling of Epithelial Tissue; Ultra-High Resolution Display for Army Medicine


· PC-based interactive multimedia: Multi-player Role Game for Chemical-Biological-Radiological-Nuclear Event Training; Simulation-based Planning Tool for Pandemic Influenza; Advanced Distributed Learning in Support of Maintenance of Certification for Surgical Skills; Rapid Trauma Training Skills; Scene and Patient Management following Blast Injury from Improvised Explosive Devices.


· Digitally enhanced mannequins: Combat Medic Training System (autonomous mannequin); Assessment of Mannequin-based Training to Improve Combat Medic Proficiency in Airway Management, Hemorrhage Control, Tension Pneumothorax


· Part-task trainers: Exsanguinating Hemorrhage; Virtual Reality Cricothyroidotomy; Compartment Syndrome; Simulation-based Open Surgical Training System


· Total immersion virtual reality: Discussion on expectations and implementation issues.


To address this challenge for both combat medics and surgeons, formal evaluation studies are underway.  The Winter Institute for Simulation Education Research (WISER) in Pittsburgh will begin data collection for training effectiveness study in October 2009. They are studying the degree to which mannequin-based training affects demonstrated proficiency to respond to airway management, hemorrhage control, and tension pneumothorax.  For surgeons, William Beaumont Hospital in Royal Oak, Michigan is conducting a project to optimize surgical skills to enhance training and assessment.  Some US Army surgeons will participate in the study, and a reset training protocol will be designed that could be used by surgeons in pre-deployment training and by surgeons returning from deployment to identify and remediate skills that have deteriorated after prolonged absence from specialty-specific experience.

1.0
INtroduction


The objective of this paper is to provide a high-level, non-technical presentation to inform the Human Factors and Medicine Panel (HFM) about the mission and vision of the Telemedicine and Advanced Technology Research Center (TATRC), a subordinate agency of the U.S. Army Medical Research and Materiel Command (USAMRMC).  TATRC’s mission is to identify and fill gaps in medical simulation and training technology either thru congressional special interest programs, innovative research, or partnerships with other government agencies, industry, and academia.  Its vision is to continue to be a major catalyst in accelerating the development and transition of medical simulation and training technology, systems and devices to Army, DoD, and civilian institutions.  One of its major research portfolios is Medical Simulation and Training Technology.  There are two goals of the “Med Sim” research effort.  The first goal is to improve trauma training, based on the need to train 100,000 military medical personnel to practice battlefield trauma care skills as identified in a 1999 report from the General Accounting Office [1].  The second goal is to reduce medical errors.  The goal to reduce errors was driven, in large part, by the 1999 Institute of Medicine (IOM) report, “To Err is Human: Building a Safer Health System,” which said that, “at least 44,000 deaths and perhaps as many as 98,000 Americans die in hospitals each year from medical errors.  Even when using the lower estimate, deaths in hospitals due to preventable adverse events exceed the number attributable to the 8th leading cause of death.  Deaths due to preventable adverse events exceed deaths attributable to motor vehicle accidents breast cancer, or AIDs [2]. Recommendation 8.1 of the IOM report stated, “Patient safety programs should… establish interdisciplinary team training programs for providers that incorporate proven methods of team training such as simulation” [3].  A more recent report, published in “HealthGrades” in 2008, claimed that Patient safety incidents cost the federal Medicare program $8.8 billion and resulted in 238,337 potentially preventable deaths during 2004 through 2006”, according to HealthGrades fifth annual Patient Safety in American Hospitals Study [4].

The long-term vision is to facilitate a paradigm shift in medical training, a “grand challenge” revolution, from a subjective mode of skills assessment to a curriculum-aligned, metrics-driven, objective system of assessment based on demonstrated proficiency to perform skills for which health care personnel have been trained.  The scope includes both cognitive and psychomotor skills and spans the continuum of care from the foxhole to the operating room and beyond.


In February 2000, the Telemedicine and Advanced Technology Research Center (TATRC) and the U.S. Army’s Simulation, Training, and Instrumentation Command (STRICOM) co-hosted a conference at the Morningside Inn, a remote facility ensconced among the rolling pastureland of Frederick County, Maryland, USA.  Actual and potential end users, researchers, and representatives from materiel developers and other government agencies – thirty-three (33) of them, presented their concepts, needs, and challenges about how modeling and simulation should be developed to meet military – and private sector -- medical needs.  IN the keynote address delivered by Major General John Parker, Commanding General, Medical Research and Materiel Command, MG Parker compared the potential impact of the Medical Modeling & Simulation (MM&S) field to that of the human genome.  By meeting’s end, there was a strong feeling that the MM&S potential to improve healthcare training was higher than originally envisioned.  The skyrocketing growth of the MM&S community of interest since that time has confirmed that belief.

Almost every year since 2000, we have reviewed the technical strategy out of a commitment to the end user community to identify and respond to their needs.  For the “foxhole”, combat casualty care end of the spectrum, we have convened an Integrated Product Team meeting held in conjunction with the Advanced Technology Applications for Combat Casualty Care (ATACCC), organized by the Research Area Directorate II, which focuses on Combat Casualty Care.  For the “fixed facility” care (mostly surgery), we have facilitated various meetings / workshops in conjunction with the Medicine Meets Virtual Reality (MMVR) conference, organized by Aligned Management Associates, Inc.  We are now in 2010, eleven years after that first strategic planning meeting.  Based on the strategic plan developed by a handful of government representatives as a result of this 70-person Integrated Research Team (IRT), our technical strategy continues:  to identify and develop “enabling technologies’ into components that can be integrated into SYSTEMS of simulation-based training, then assess them to determine how effectively they transfer skills learned via simulation to the delivery of actual health care.  Examples of enabling technologies include real-time in vivo tissue property measurement, haptics, tool-tissue interactions, graphics and visualization, learning systems, and metrics development.


In April 2008, we convened a special Integrated Product Team meeting – again at the Morningside Inn – to review the strategy thoroughly in response to update briefings from medical training leaders in the combat medic, surgical residency programs (focusing on the US Army’s Central Simulation Committee at Madigan Army Medical Center, Ft. Lewis, Washington, USA), other DOD agencies (Air Force, Navy, and Marines), and some other U.S. government agencies.  At the end of three days’ presentations and discussions, three conclusions were conveyed by the review panel:  1) the four categories identified in the original strategy were verified as “still relevant”, 2) emphasis on curriculum-driven development, while already being emphasized, should be emphasized even more, and 3) that TATRC’s active role of integration among DoD medical agencies – even if informal – should be emphasized more as well.

2.0
ENABLING TECHNOLOGIES: TWO EXAMPLES


2.1
High-Fidelity Computer Modeling of Epithelial Tissue

Crowley-Davis Research, Eagle, Idaho, USA, (Principal Investigator [PI] Dr. Timothy Otter, PhD) is engaged in congressionally sponsored research dealing with cellular-level simulation.  Their objective is to enable high fidelity medical simulation with dynamic realistic response through tissue modelling using biologically inspired computation.  Scheduled deliverables are to demonstrate the system’s response to perturbations, to simulate realistic cell behaviour, metabolism and genetics.  Further, the project will develop internet access to simulation tools.  One of the next steps is to seek initial verification against published data.


2.2
Ultra-High Resolution Display for Army Medicine (UHRDARM)

The eMagin Ccorporation, Hopewell Junction, New York, USA, with headquarters in Bellevue, Washington, USA, is developing the UHRDARM using Active Matrix Organic Light Emitting Diode (AMOLED) technology.  The PI is Dr. Ihor Wacyk, PhD.  The project’s objective is to develop a head-mount display (HMD) with ultra-high resolution to 1920 x 1200 color pixels, field of view between 60 and 80 degrees while only consuming less than 2 watts of total power consumption.
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Figures 1 and 2:  Photos courtesy of eMagin Corp.

3.0
Four BROAD CATEGORIES OF RESEARCH


In addition to the “enabling technologies” research underway, TATRC is funding and managing research in four broad categories of medical simulation: 1) PC-based interactive multimedia, 2) digitally enhanced mannequins, 3) part-task trainers, and 4) total immersion virtual reality.  The basis for the variation is that there are multiple training needs and that multiple technologies / systems are required to meet those varying needs.  In the remainder of this article, I shall identify several representative projects in each of these four main categories.


3.1
PC-Based Interactive Multimedia

As predicted, this category has grown rapidly, both in user number as well as types of applications. This is likely due to its low cost and broad availability. Below are several examples of active work in this area.

3.1.1
Medical Simulation Training for Chemical, Biological, Radiological, Nuclear Event (CBRNE) Training


Forterra Systems, Inc., recently purchased by SAIC, under the leadership of their PI, Laura Kusumoto, just completed work funded through the U.S. Army’s Small Business Innovative Research (SBIR) program.  Due to successful Phase I and Phase II efforts, Forterra was awarded additional funding to move toward commercialization.  The OLIVE (tm)-based trainer is based on Massively Multiplayer Online Role-Playing Game (MMORPG) technology, and its purpose is to expand and improve medical first-response to CBRNE events.  Curriculum was developed by Stanford Medical School, and a virtual emergency room was built with sufficient fidelity to model both sick and injured patients in a CBRNE-based mass casualty.  Its projected use is between “book learning” and live exercises.

Benefits are believed to lie in a more economic and safer means of event rehearsal compared to live exercises.  Also, the OLIVE (tm) software platform can extend to other medical training applications, including distributed learning.
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Figure 3: Screen shots courtesy of Forterra Inc.

3.1.2
Simulation-based Planning Tool for Infectious Disease Outbreak, i.e. Pandemic Influenza

Funded by the Department of Defense (DoD) SBIR program, two companies are engaged in Phase II research.  Their common objective is to develop sim-based strategy game to teach MTF personnel how strategic planning and tactical decisions training can support quicker, more effective responses.  Military relevance is identified in the areas of force protection and military readiness. Their approaches are somewhat different, however.

3.1.2.1
SimQuest International LLC Silver Spring, Maryland, USA (PI: Dr. Dwight Meglan, PhD)

SimQuest  is developing a PC-based real-time strategy game that will evaluate users’ ability to recognize early warning signs and track their strategic planning and decision making when presented with actual events.
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Figure 4: Screen shot courtesy of SimQuest International LLC.

3.1.2.2
Total Immersion Software, Alameda, California, USA (PI: Michael Becker) 

Total Immersion Software is developing a simple, intuitive interface so non-programmers can generate a virtual representation of their facility.  They are leveraging rapid software authoring tools developed in DARPA’s RealWorld program and  customizing the generation of buildings and Artificial Intelligence (AI) tools.

3.2
Digitally Enhanced Mannequins

The CIMIT SimGroup, PI: Dr. Steve Dawson, MD, is developing an “autonomous” mannequin called the Combat Medic Training Systems (COMETS).  NOTE: CIMIT stands for the Center for Integration of Medicine and Innovative Technology. CIMIT is a vibrant community of highly motivated collaborators who learn from each other and identify gaps in healthcare where known and emerging technologies can solve clinical problems.  This community includes scientists, engineers, and clinicians from the CIMIT consortium (non-profit institutions from Boston teaching hospitals and engineering schools), and companies, foundations, and individuals interested in accelerating the impact of technology on patient care. [5].


The COMETS project is being done in response to direct consultant feedback from the U.S. Army’s Directorate of Combat Medic Training (DCMT, Ft. Sam Houston, Texas). It is designed to train “68W” combat medics in triage and treatment of injuries seen during combat.  It is designed to make training a “force multiplier” by lessening the burden of simulation management on combat medic instructors. It is designed to be “instructor-independent.” COMETS will allow physiologically realistic training (breathing, bleeding, living, dying) without requiring animal use.  It will be fully mobile, so training can occur through the continuum of care, from point of injury to casualty evacuation.  More information about COMETS can be obtained from the CIMT web site [6]:  http://www.cimit.org/about-stories-simulation.html. 
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 Figure 5: Combat Medic Training Systems (COMETS), photos courtesy of CIMIT SimGroup.

3.3
Part-Task Trainers


Part-task trainers (sometimes referred to as Virtual Workbenches) are sometimes used to practice high-risk, high-cost, high-consequences tasks or “maneuvers.”  In medicine, part-task trainers are often used to simulate various medical or surgical procedures.

Several examples are presented below:


3.3.1
Compartment Syndrome Simulation System

Touch of Life Technologies, Aurora, Colorado, USA (PI: Dr. Karl Reinig, PhD), has been selected for advanced work under the SBIR Commercialization Pilot Program. The objective is to produce a highly adaptable virtual environment for training diagnosis and treatment of compartment syndrome. This is intended to result in a production prototype of the system. It will include an easily adaptable VR-based simulator in which to practice diagnosis and treatment (including fasciotomy) of compartment syndrome of multiple extremities, including the leg.
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		Figure 6: Fasciotomy Procedure, 
Photo courtesy Touch of Life Technologies.

		Figure 7: Common Platform Simulator, 
Photo Courtesy Touch of Life Technologies.





3.3.2
Rapid Trauma Training Skills


Performing Organization: Operative Experience Inc., Elkton, Maryland, USA
PI: Dr. Robert Buckman, MD

Operative Experience is developing a realistic simulation-based course for open trauma surgery at lower cost and greater availability than animals or cadavers, using a goal-directed curriculum, instructional videos, operations on artificial body parts, and objective metrics for evaluation.

Photos are not shown, to honor Intellectual Property restrictions.

3.3.3
3D Virtual Cricothyroidotomy

Performing Organization: National Capital Area Medical Simulation Center, an agency of the DoD’s medical school, the Uniformed Services University of the Health Sciences (USUHS), Forest Glen, Maryland, USA.
PI: Dr. Alan Liu, PhD

[image: image11.jpg]F]0g] Trand®s

m Mark Crico
)

V| N

A Virtual Reality Based ~|
Cricothyroidotomy Simulator \
Prototype >

Yogendra Bhasin
Mark Bowyer
Alan Liu

Funded by

Telemedicine & Advanced
Technology Research Center

Previous

A Collaboration
betweer

n
NCA Modical
o SimCen

Feach






Figure 8: 3D Virtual Cricothyroidotomy. Screen shot courtesy of the NCAMSC.

3.3.4
Exsanguinating Hemorrhage Simulator


Performing Organization: SimQuest International LLC, Silver Spring, Maryland, USA
PI: Dr. Howard Champion, MD
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Figure 9: Exsanguinating Hemorrhage Simulator. Photo courtesy of J. Harvey Magee.

3.3.5
Next Generation Injury Creation Science, Prosthetic Arterial Wound


Performing Organization: Virtual Reality Medical Center, Orlando, Florida, USA
PI: Dr. Mark Wiederhold, MD
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Figure 10: Prosthetic Arterial Wound. Photo Courtesy of Virtual Reality Medical Center.

4.0
Training assessment studies


4.1
WISER Assessment of 68W Combat Medic Performance of Critical Life-Saving Skills


The Winter Institute for Simulation Education Research (WISER), University of Pittsburgh Medical Center, Pittsburg, Pennsylvania, USA. Under the direction of Dr. Paul Phrampus, MD, PI, the WISER team began a training effectiveness study in October 2009 which examines the degree to which mannequin-based training affects demonstrated proficiency to respond to airway management, hemorrhage, control, and tension pneumothorax. 

To validate the effectiveness of mannequin-based training, scenario design and performance measures will use existing Army curriculum.  Scenario design and performance measures were designed with Directorate of Combat Medic Training (DCMT) leadership input.  Independent expert reviewers will assess randomly selected videos and score the performance of the medics.  Results will compare those scores to the ones completed by the study facilitators.

4.2
Data Driven Optimization of Surgeon Skills for Enhanced Training, Simulations and Assessment

The William Beaumont Hospital team, Royal Oak, MI, under the direction of Dr. Charles Shanley, MD, is working to optimize surgical skills to enhance training and assessment. Using their surgical test bed for physically-based robotic and laparoscopic simulations, they are adding motion tracking and sensor data capture and an augmented reality system to model new and challenging scenarios. Built in sensing systems provide error-tracking capabilities for trainee feedback; and automatic data collection methods will be used to define task-specific metrics for each component of a surgical skills task set lists. A unique component is the creation of augmented reality by adding to the simulated surgical environment with virtual objects added graphically to the live video. Expert surgeons will provide baseline data on specialty-specific tasks. This will allow assessment of the skill levels of the existing surgical pool and benchmark parameters for training of novice surgeons. Some US Army surgeons will participate in the study. A reset training protocol will be designed that could be used by surgeons in pre-deployment training and by surgeons returning from deployment to identify and remediate skills that have deteriorated after prolonged absence from specialty-specific experience

The views and opinions expressed in this manuscript are those of the author(s) and do not reflect official policy or position of the U.S. Government.
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Abstract


This paper discusses new developments in advanced medical technology which may in the short term be applicable to NATO multinational medical operations. To supply more realistic military medical training, The Virtual Reality Medical Center (VRMC) conceptualized and developed a unique injury simulator as an adjunct to current combat medic training.  This initial technology, called Injury Creation Science (ICS), very realistically simulated a number of battlefield injuries such as amputations, eviscerations, blast injuries, punctures, and burns. Since the initial prototypes, VRMC has developed this technology into wearable “part-task trainers” that simulate injuries as well as allow combat medics to practice actual medical procedures common to the battlefield.  The progression of these “trainers” has been under the guidance and partnership with the U.S. Army Research and Engineering Command – Simulation and Technology Training Center (RDECOM – STTC).  The procedures currently available or under development include treatment of pneumothorax, hemoperitonium, and gunshot wounds to an artery. By integrating medical science with cutting edge simulation and training technologies, realistic prosthetic tissue, wounds, and part task trainers have been developed for the training of trauma care clinicians.  The next generation of Stress Inoculation Training (SIT) includes the use of prosthetics developed based on human anatomy and physiology, material science, and nanotechnology.  Testing has revealed that these products are highly useful and reliable and can easily be integrated into existing protocols for enhancement of the training experience. 


1.0
Next Generation Injury Creation Science


A Government Accountability Office (GAO) report released in 1998 stated that military medical personnel have little to no practice with battlefield trauma care skills during peacetime.  An additional report by the National Library of Medicine’s Institute of Medicine indicated that approximately 98,000 individuals in the U.S. die each year as a result of medical practice mistakes.  Most current medical simulation training relies on plastic forms, computerized mannequins, animals, and cadavers.  Each of these has significant drawbacks, such as incorrect anatomy (animals), lack of realism (plastic forms and mannequins), limited use (cadavers), and expense.  In addition, they do not replicate the majority of injuries encountered on the battlefield [1].


The Injury Creation Science (ICS) technology was developed to embody an injury simulation capability that includes the curriculum and prosthetics required to train medical professionals in procedures to include bypassing a compromised airway, inserting an intravenous port, preventing blood loss as a result of arterial and venous wounds, dressing burns, and expanding a collapsed lung.


Front line medics face major challenges created by severe medical trauma.  The military currently invests millions of dollars to train its soldiers, however, there remains much room for improvement in current training methods for combat medics.  Many existing scenarios employ some type of simulation, however, due to limited realism their ability to fully immerse the trainee into combat medical situations has been called into question. Fully experiencing the scenario is exactly the kind of experience that will properly prepare medics to deal appropriately with actual battlefield injuries including broken bones, lacerations, amputations, severe bleeding and tissue damage.  In addition, many civilian-trained medical personnel and first responders do not receive sufficient psychological preparation to aptly handle severe wartime traumatic injuries.  ICS’s Stress Inoculation Training works to address the need to provide skills based training under increasingly stressful conditions offering high levels of realism to provide optimized performance under fire and other stressful conditions.


The Virtual Reality Medical Center (VRMC) conceptualized and developed a unique injury simulator to supply more realistic military medical training.  ICS acts as an adjunct to current combat medic training and does not seek to replace it.  Initial ICS technology was found to very realistically simulate a number of battlefield injuries such as amputations, eviscerations, blast injuries, punctures, and burns. Since the initial prototypes were developed, VRMC has expanded this technology into wearable “part-task trainers” that simulate injuries as well as allow combat medics to realistically practice tangible medical procedures common to the battlefield.  The progression of these “trainers” has been under the guidance and partnership with the U.S. Army Research and Engineering Command – Simulation and Technology Training Center (RDECOM – STTC).  The procedures currently developed include treatment of pneumothorax, hemoperitonium, and gunshot wounds to an artery.


According to a paper given at the first symposium on Modeling and Simulation for Computer-Aided Medicine and Surgery [2] the ultimate medical simulation is a highly realistic setting in which the participant actually perspires, the heart rate goes up, and he or she reacts in a manner that is consistent with a real environment, a reaction which can be obtained through virtual reality (VR) or other realistic forms of simulation. 


For over fifteen years, The Virtual Reality Medical Center (VRMC) has been developing training and assessment protocols based on both subjective and objective measures in our clinic, particularly by pioneering the use of physiological measures while trainees perform exercises in VR and other simulation environments. Our expertise provides the military with immersive training that produces the psychological hardening necessary to prepare troops for front line experience. 


In order to create more realistic military medical training, funding was awarded from the Telemedicine and Advanced Technologies Research Center (TATRC) to conceptualize and develop a unique injury simulator for use in Echelons I and II: the Injury Creation Science (ICS) prototype. Additional funding from RDECOM allowed us to produce hyperrealistic training kits for advanced trauma procedures.  VRMC consulted with Department of Defense personnel to create this novel technology using movie-making techniques and special effects to complement current combat casualty care simulations. We identified combat injuries and medical and surgical procedures for inclusion in the prototype and experimented with makeup techniques to design realistic injuries, including “dynamic” injuries.
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Figure 1: Developed by VRMC, the Injury Creation Science prototype is a training device that is worn like a second skin and has the ability to recreate realistic injuries, including “dynamic” injuries, by employing Hollywood makeup techniques and special effects.

The approach we have taken in the creation of a new type of artificial skin relies on our careful study and evaluation of the microanatomic structure of the components of the layers of the skin.  In addition, we have carefully noted each component of each layer of the skin and how each of these components contribute to the microelastic viscous and other important physiological attributes of living tissue are integrated together.  To further assist us, we have sought out both materials and expertise involving selection of potential substances from nanotechnology substrates.  The search for appropriate nanotechnology materials is ongoing and an important component of our research and development efforts. 


These medical appliances can be used with mannequins or live human actors.  While mannequins are generally well accepted by trainees, they do not bleed convincingly during simulation, and different mannequins must often be used to represent patients with different injuries, body types, and age groups [3]. By basing the trainer on a visually realistic simulation and using a material sciences approach to anatomy, ICS seeks to conquer previous deficits in realism. Advantages obtained by having a real person wear the simulator is that they can both look and act like a real patient.  For example, they can be told to writhe, cry out in pain, distract the medic, and give wrong medical information. Mantovani et al. (2003) underscore the value of VR to potentially enhance a complex set of skills that includes the often-neglected personal aspects of patient care. Having a “patient” wear the simulator, as we describe, goes beyond mere VR to create actual person-to-person interaction in simulated medical emergency situations [4].
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Figure 2: We will begin by studying the microanatomy of skin in 
preparation of synthetically reproducing its multiple layers.

The year 1834 marked the beginning of wound simulation, or “moulage,” with artists painting injuries on the body for military mass casualty exercises. Moulage filled a role more for the benefit of the military maneuvers organizers than for the trainee, since the level of realism at the individual medic or corpsman level was reported as low. Hollywood makeup and theatre techniques allowed new elements of realism to be added, such as blood and open fractures.  These, in general, however, have not been used extensively in military simulation training.  Various companies offer casualty simulation kits online for trauma training.  These  are generally comprised of “stick-on” wounds with a limited subgroup of “bleeding moulage,” and are medically realistic, but only visually so. Forensic science simulations focus more closely on scientific realism than Hollywood moulage techniques and currently employ simulated tissue and bone to test the effect of ballistics. Synthetic body parts are also used for performance testing of helmet and body armor. 


Synthetic simulants of the forensic variety can be divided into three categories: soft tissue, skin, and bone simulants. The literature focus most closely on soft tissue simulants, with elasticity and non-collapsibility being important qualities. Numerous substances, including wood, clay, soap and paraffin, have been used to study bullet effects in simulated tissue [5].  Special manufactured glycerin soap and hydrogels prepared from water solutions have been used successfully to simulate muscle tissue [6, 7]. The use of the transparent candle gel for ballistic testing was first noted in a 2003 study by Uzar et al. Through suspension of animal organs and bones in blocks of the gel Ozer [8] created organ and lower extremity injuries. Ballistic experimenters favor the translucent quality of gelatin and gels to clearly show bullet paths and fragments for measuring purposes but this is less important for surgical simulation [9]. 


Although simulated skin has been studied much less than simulated tissue, animal skin has been used for some injury simulation studies. Jussila notes the use of simulated skin increases the fidelity of experiments involving low-velocity projectile injuries or effects such as ricochets. Thali, Kneubuehl, Zollinger & Dirnhofer [10] created an artificial head they call the “skin-skull-brain model” using a silicon cap with synthetic fibers on a polyurethane skull to simulate skin. The silicon cap, composed of artificial leather, prevents the bone fragments from scattering after the model has been struck by gunfire.  Bone simulant research can be found in the forensic science literature as well as in biomaterials research. Bone engineering in the biomaterials field, however, concentrates on grafts and resorbable biomaterials as temporary scaffolds and so does not easily lend itself  to injury simulation [11, 12, 13]. 


Kneubuehl and Thali (2004) developed an artificial bone made from polyurethane to compare gunshot wounds to swine bones. The design, patterned after human bone structure, consisted of a compact outer layer covering a porous inner layer [14]. Ordnance gelatin injected into the bone’s hollow core simulated marrow and a covering of latex simulated the periosteum.  The comparison between the biological swine bones and the non-biological model in regard to loss of velocity and energy after striking bone, bone fragmentation, bullet deformation, and penetrating wound channel were entirely equal. Other studies shed doubt on the similarity in terms of longitudinal fractures but still achieve good, consistent results [9]. A Swiss company, Synbone AG, manufactures artificial bones designed for teaching orthopedic techniques in fracture repair, and this type of product is being examined in the development of ICS.


Trauma care skills and experience are crucial in the successful resuscitation and operative care of injured patients.  Both initial learning as well as maintenance of skills is problematic due to a lack of training opportunities. Studies have shown that VR trauma simulators are likely to provide the best long-term answer to this problem. As summed up by Satava and Jones (1999), “The benefits of virtual reality to healthcare can be summarized in a single word: revolutionary [15].” 


An array of medical simulation technology has been funded by the Department of Defense in recent years. Most of this can be grouped into the following four categories:


1) PC-based decision teaching tools (e.g., STATCare)


2) Digitally enhanced mannequins (e.g., Combat Trauma Patient Simulator)


3) Virtual workbench technology (e.g., HT Medical Systems)


4) Total immersion VR (e.g., Center for Integration of Medicine and Innovative Technology).


Current state of the art medical simulators, however, have significant drawbacks, especially in terms of verisimilitude. A comparison of the ICS wearable synthetic skin model to commonly used surgical simulation methods is summarized in the table below.


Table 1: Comparison of Surgical Simulation Methods 
Adapted from Kaufmann, C.R. (2001) [16].

		Model

		Strengths

		Weaknesses



		Animal

		Bleeding, individually inexpensive

		Ethics/animal rights, anatomy incorrect, single use, logistics



		Cadaver

		Anatomy correct

		Expensive, storage issues, single use, no bleeding



		Plastic model

		Inexpensive, convenient, repeat use

		Realism, needle tracks



		Computerized mannequin

		Multiple applications, repeat use

		Realism, very expensive, precut holes



		Virtual reality (VR)

		Unlimited use, practice without instructor, multiple scenarios, control degree of difficulty, reset

		Realism variable, expense variable, haptic force limitation



		ICS Wearable Synthetic Tissue

		Inexpensive, multiple applications, repeat use, “bleeding,” safe and easy to put on, behaves like real patient

		Future challenge:


train in SIT scenarios ( test on mannequin or human (

refine SIT scenarios





The ICS prosthetics were initially designed for use during training and preparation of military medics to accurately stabilize fallen warriors during combat.  The initial goals were to:    1)  enhance realism to ensure an immersive training experience,  2)  minimize application/removal time,  3) increase prosthetic durability and reusability, and  4)  increase comfort.  The prosthetics, packaged as self-contained kits, include prosthetic wounds and all required supplies to apply and enhance injuries to provide an immersive training experience. Some criticisms of  existing injury simulations are that application requires a specialized skill set and significant application time, and that the prosthetic is neither reusable nor durable in most cases.  Additionally, existing prosthetic wounds are often unrealistic and uncomfortable to wear.  The ICS prosthetic wound solves these problems; it is physiologically accurate, highly durable, very comfortable to wear, and most importantly, ready-made,  minimizing the skill and time required for application.  

The ICS technology is focused on research and development in support of the combat casualty care training mission. This training includes Basic Life Support, Patient Assessment, Hemorrhage Control, Fracture Management, and Shock Prevention & Treatment.  By merging the latest special effects technology with material science research, the ICS team is developing prosthetic human tissue and wounds for realistic live training. This technology is critical for the trauma care training kits being used by the U.S. Army to train combat medics. This same technology is being transitioned to assist with similar training requirements in the civil sector for Emergency Management, Disaster Management, and First Responder personnel. The technology has also been used to assist training of Special Forces personnel in PfP countries.  


The first product developed, the ICS Simple Kit, provides for the application of prosthetic entry, exit, and shrapnel wounds for live training exercises and focuses on enhancing realism.  The Simple Kit was validated during extensive factory testing, and a training exercise that was held at the University of Florida (UF) Center for Simulation Education and Safety Research (CSESaR), among others.


The initial research revealed  important information that has been useful in further refining of the ICS prosthetics.  In particular, quantification of physiochemical properties of skin and tissue have been found in both biochemical and structural clues.  For example, skin water content and elastic properties are important contributors to the look, feel, and texture of skin. We have noted that the water content of skin increases from the surface to deeper levels.  In addition, connective tissue components  have been identified which provide a basis upon which to begin modification of existing artificial substances aimed at improving the level of realism in artificial tissue.  Several non-invasive and minimally invasive technologies have been identified which will assist in the creation of new synthetic materials that reproduce the critical aspects of tissue. Based on these findings, we continue to refine the technologies, and search for polymers that  have a graded hydration component.  


VRMC and RDECOM-STTC recently partnered to significantly increase the medical realism of prosthetic injury simulation appliances.  The collaboration offered the opportunities for further laboratory research and to develop improved materials that simulate the smell and feel of human tissue and fluids.  The VRMC/RDECOM-STTC Integrated Product Team (IPT) refined the simulated skin and tissue of the earlier prototypes and built upon it to better replicate wounds for medical training. The skin was engineered based upon the configuration of the actual layers present in skin.  Candidate silicone formulas were matched to the skin’s layers through spectral analysis and nanotechnology applications.  Furthermore, the immersion experience was enhanced through the incorporation of olfactory components into the synthetic materials. 


Studying human tissue using spectroscopy was critical to further developing the ICS technology. We used spectral analysis to evaluate the early ICS prototypes, and explored ways to improve them based on the quantitative data acquired during testing. With this data, we compared ICS prototypes to the properties of human skin.  Additional work remains in this area and possible outcomes include identifying existing materials for simulation effects, developing hybrids, and developing completely new materials and methodologies. 


Initial research indicated that although transparent silicone appliances would be favorable in terms of flexibility and packaging in the kits, these would require make-up expertise skills or training.  The IPT decided that the prosthetic appliances would be colored inherently to require minimal application steps and that in order to maximize ease of use, three shades of skin tone were developed to be used in the prototype kits.  


The prosthetic appliances were designed to affix to a human actor or mannequin as a patch, and consist of simulated skin, underlying tissue, representations of organs or structures, and a protective layer next to the wearer’s skin. 


2.0
Stress Inoculation Training (SIT)


Stress Inoculation Training (SIT) is often the umbrella term used to represent a collection of coping strategies provided to the trainee. Developed in the late 1970s by Donald Meichenbaum, SIT was originally designed for use with multiple populations of individuals [17].  Often thought of as “mental armor”, SIT helps to “inoculate” individuals to future potentially traumatizing stressors, teaching them to psychologically deal more effectively with the stressors [18, 19]. In 1988, a National Research Council study on enhancing military performance found that when a person is given knowledge of future events, stress surrounding those events is then reduced [20].  In general, this occurs because stress is associated with a new, novel task. Stress training therefore renders the task less novel and improves the trainee’s self-efficacy, which in turn improves performance. 


During preventative SIT, military personnel “experience” highly stressful situations in a virtual environment while being physiologically monitored. Repeated exposure enables personnel to gradually become desensitized to stimuli that may initially elicit such strong physiologic arousal that performance is impeded (i.e., “freezing in the line of fire”) and psychological trauma is more likely. In SIT, individuals are provided with a tool kit of coping strategies, thus allowing them to construct a personalized coping package and choose those strategies most efficacious for their individual needs and for the particular situation.  These skill sets are developed with the goal of helping with immediate needs as well as future stressful situations in a proactive defense against trauma.  Some of the traditional components used in a SIT regimen include didactic teaching, problem solving, cognitive restructuring, imaginal rehearsal, behavioral rehearsal, relaxation training, self-instruction, self-monitoring, and self-reinforcement.  The three distinct stages of SIT include conceptualization, skills acquisition and rehearsal, and application and follow-through.  
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Figure 3: VRMC is experienced at creating highly realistic scenarios to train combat medics. Here, trainees work on a simulated “dynamic” wound, which bleeds and reacts to treatment.

SIT builds on our clinical work with exposure therapy for anxiety disorders, including PTSD [21, 22, 23, 24, 25, 26], and our work in developing and testing SIT protocols to prepare troops for deployment to war zones. In addition to the training provided to U.S. forces, we have to-date provided training to coalition troops including those in Croatia, Romania, Poland, and Hungary.   Providing over 7,000 treatment sessions for a variety of psychological disorders through a combination of cognitive-behavioral therapy and physiological monitoring, we note that successful treatment of stress and anxiety-related disorders is achieved through skills-based exposure training to increasingly stressful situations, allowing the patient to over-learn coping skills and develop a sense of mastery, with the ultimate goal of improved performance and self-confidence in one’s ability.


In our ongoing SIT studies, we train military personnel in virtual environments such as an Iraqi village, a shoot house, or a ship. Simulations can be viewed on desktops, laptops, through a head-mounted display (HMD), or as a 3-wall CAVE (computer automatic virtual environment) projection system, depending on the needs of the specific population to be trained. The training is then transferred to real-world exercises in structures designed specifically for tactical training.


3.0
Combining SIT and Medical Training for Combat Medics


VRMC’s Student State Assessment, a 3-year study funded by Defense Advanced Research Projects Agency (DARPA) completed in July 2005, included a combat medic training scenario in which medics received SIT training using the ICS simulator prototype. In these scenarios, we simulated bleeding resulting from “dynamic” injuries. In addition, trainees were able to cut the “skin,” insert a chest tube, and stitch the wound closed. (A lightweight metal plate underlying the suit protected the “patient.”) The feedback  received from trainees was that it was the most intense, realistic training they had ever received. 


During the combat medic training, VRMC was able to experiment with simulations that went beyond moulage, or static makeup techniques. For example, we created a wound complete with active bleeding that stopped when a tourniquet was applied. In other cases, where compression was more difficult and bleeding continued, we were able to fill large IV bags with special-effects blood and deliver tubing to the injury site so as to create brisk bleeding from the wound. In another case, we created a chest wound and hid a tube that delivered air to the chest injury site. The “wounded” soldier could squeeze a bulb hidden in his hand to simulate air bubbles at the chest wound site with each breath. While we were able to try other types of injuries, it became clear to us that the tubing and other pieces that add to the special effects really need to be properly engineered, as in some cases the devices became detached. Although many basic issues need to be explored, this effort has significant potential to greatly augment training.


The table below illustrates how we will leverage all of our experience with related funded projects for this new effort to develop improved synthetic tissue for training medics in front line care, both in terms of hands-on medical instruction and stress management (Table 2).

Significant transfer of skills from virtual training to real-world exercises has been demonstrated in experiments with the U.S. Army, Navy SEALs and Corpsmen, Marine Corps, Coast Guard, and Drug Enforcement Agency personnel. Repeated exposure to stressful stimuli combined with immediate physiological feedback, provides the tools for helping law enforcement personnel achieve peak performance. In addition to providing state-of-the-art training for military law enforcement and first responders, other uses include trauma care training for the civilian population and scenarios for mental health care delivery.


Table 2: VRMC Programs to Leverage for Synthetic Tissue Development.

		VRMC Programs

		Purpose

		How Leveraged



		TATRC Next Generation Injury Creation Simulator

		Train combat medics and other medical professionals

		injury creator prototype; testing protocols



		TATRC Stress Inoculation Training (SIT) software for Aeromedical professionals

		Train flight surgeons, flight medics, and flight psychologists at USAARL, Ft. Rucker, Alabama

		SIT training specifically for military medical personnel



		DARPA Virtual Shoot House Virtual Reality Videogame (VRVG)

		MOUT training and testing for joint forces and for echelon one combat trauma care

		SIT training specifically for military medical personnel



		ONR virtual reality software for PTSD treatment with SIT option

		Test VR therapy with 136 US Navy Seabees and medical personnel who have acute PTSD stemming from combat exposure  

		Combat medic training; data collected from training stress response both pre and post deployment



		TATRC Combat Medic using Virtual Reality Videogames 


(91W)

		Provide an inexpensive training tool that will allow medics to experience situations outside of their everyday training

		Medical and SIT training and testing for combat medics 





We have studied lessons learned from the tactical decision-making under stress (TADMUS) exercise, which resulted from the mistaken shooting down by the U.S. Navy of a commercial Iranian airliner. The study has some important information about training in virtual worlds and other types of simulated environments. Essentially, trainees must learn under stress and complexity conditions similar to what they will encounter in real life. This may seem obvious, but transitioning training from simulators to the real world is still an active issue under intense investigation. Below is a comparison chart that contrasts the lessons learned from the TADMUS study with lessons learned from our clinical experience, and from our contract with the Defense Advanced Research Projects Agency (DARPA).


Table 3: Application of VRMC SIT Training Paradigm 
Based on TADMUS and Applied to Medical Training.


		

		TADMUS

		VRMC (Civilian)

		VRMC (DARPA)

		VRMC (RDECOM)



		

		Stress Exposure Training

		Cognitive Behavioral Therapy

		Student State


Individual Training

		Combat Medic Training



		Education

		Information provision

		Patient education

		Individual training

		 Skills Training



		Skill Building

		Skill acquisition and practice

		Physiological feedback and training

		Stress inoculation, skill acquisition and practice

		 Improved performance under stress



		Cognitive Schema

		Confidence building – application and practice

		Cognitive coping techniques, desensitization in virtual reality, then in vivo (real life)

		Cognitive thought processes – expected behaviors, sequence of procedures

		Correctly follow medical algorithms



		Degree of Exposure

		Over-learn

		Over-learn

		Over-learn

		Over-learn



		Training Generalization

		Training generalizes to real-life missions

		Therapy generalizes to real-life situations

		Training generalizes to real-life tasks and missions

		Training generalizes to real-life tasks and missions



		Content Generalization

		Skills generalize to novel tasks and novel stressors

		Other phobias not specifically trained show improvement

		Skills generalize to multiple missions and tasks

		Skills generalize despite unique anatomic attributes



		Method of Exposure

		Gradual increase in stressors results in skill building

		Gradual exposure is important

		Train in neutral environments, then in tactical situations

		Train in increasingly difficult environments



		VR Advantages

		Virtual reality simulations crucial in allowing for a gradual increase in stressors

		Virtual reality simulations allow for over-learning and gradual exposure to increasingly intense situations

		Training on simulators is as effective as training in real-world settings

		Virtual training for medical applications is underdeveloped  



		Internal Belief

		A sense of control and mastery occurs

		Self-efficacy and a sense of mastery occurs

		Sense of confidence and mastery of skill sets occurs

		Sense of confidence and mastery of skill  sets occurs



		Ongoing Support

		Refresher sessions provide maintenance of skills

		Booster sessions provide maintenance of skills

		Strong user acceptance and portability prevent skill decrement

		Refresher training and recertification are possible



		Pace of Exposure

		Initial exposure to high-demand/high-stress conditions does not result in skill development and generalization

		Flooding does not result in development of skills 


		Temporal contiguity of simulation training to real-world training is important in skill building

		Gradually increase the complexity of medical complications for mastery



		Order of Exposure

		Develop basic physiological control strategies first to control stress/reduce attention allocated to emotions

		Teach physiological control first

		Complete the cognitive and associative phases of learning first

		Pairing of cognitive and stress hardening skills is preferred



		Quality of Exposure

		Absolute fidelity is not necessary or desirable

		Virtual reality simulations better than real video

		Face validity and low fidelity are requirements for successful completion of the cognitive and associative phases of learning 

		Fidelity and continuous improvement in physical characteristics is important



		Lessons Learned

		Take-home message: “An effective method for reducing anxiety and enhancing performance in stressful environments. The results of this analysis should clearly encourage further application and research" (Cannon-Bowers and Salas, 1998).

		Take-home message: CBT reduces anxiety, results in higher levels of functioning, and increases quality of life.

		Take-home message: The laptop simulator is an effective method of training individuals to carry out mission-specific tasks.

		Take-home message: Combining both medical skills and stress hardening is crucial not only for optimal performance but the prevention of PTSD





4.0
Objective Measurements of Training Transfer


An important part of the next generation injury creation science program is the ability to accurately quantitate the effectiveness of training.  In general useful metrics allow for prediction of percentage of improved performance, reduction in the number of errors, and the overall efficiency of the training program.  We were able to develop very accurate and exacting training transfer metrics in our DARPA Student State Program.  This program focused on urban warfare training in Iraq.  Specific objectives such as room clearing, weapons identification and room takedown were accurately and objectively measured in both the virtual training environment and the real performance environment.  To a certain extent this program provided easy to identify endpoints and metrics of success.  For example, the time it takes to clear a room ca be accurately measured through analysis of video feedback.  Examples of this kind of objective measure are shown in the table below.  


Table 4: VRMC/ DARPA Result.

		Activity Performed

		VR Trained Scores

		Non-VR Trained Scores



		Proper ID & Breach Technique

		Utilized proper breaching tool 100% of the time. Identified outward door 27.8% more effectively.

		Utilized the proper tool 80% of the time.



		Room Clearing

		5-man team took an average of 9 seconds to clear the room.

		Took an average of 11 seconds.



		Take Down Objective

		Took 21 minutes to secure the objective with 100% accuracy.

		Took 23 minutes with only 93.8% accuracy.



		Sketching the House

		Exhibited 80% accuracy and sketched house in 4 minutes.

		Exhibited 50% accuracy and sketched house in 6 minutes.



		Identify Contraband, Weapons, and Other Significant Materials

		Correctly identified and collected 50% of these materials.

		Only identified and collected 30% of these materials.



		Fastrope

		Total time of 1256 seconds. (17.2% faster)

		Total time of 1517 seconds.



		Caving Ladder

		Total time of 1657 seconds. (8.3% faster)

		Total time of 1807 seconds.





VRMC has sufficient evidence that this training transfer theory is valid. The improvement in performance following the virtual training suggests the anticipated benefit was indeed realized. In every category tested, the VR trained soldiers completed the missions faster and had better accuracy in doing so, thus proving that skills learned do transfer from VR to real-world training.


The DARPA project “Physiological Monitoring during Training and Testing” was successful in applying off-the-shelf video games to their training methods. The effectiveness of video games as a teaching tool can be found in many other off-the-shelf games as well, each game contributing differently toward cognitive development in the players. 


In another DARPA funded study, we evaluated the physiological responses of trainees during a virtual combat medic video game task performance.  In this experiment combat medics who were inserted into dismounted patrols encountered a variety of medical emergencies while under fire.  These scenarios were sufficiently challenging that significant physiological arousal occurred during the performance of the virtual tasks.  Our ongoing research will continue to evaluate performance and training transfer metrics while trainees undergo performance of  trauma, triage, assessment, and treatment protocols.  Our model for training medical personnel is in part based on the original TADMUS study which we used initially to construct a training paradigm for improving urban warfare skills.  We believe this theoretical model will be useful in constructing and then validating the most effective model in the training of medical personnel.  Another significant advantage of the NG-ICS program is that it may substitute for the treatment of real life injuries which are very difficult to schedule and arrange appropriate training for.  There remains much work, however, when considering the most important and the most appropriate training outcomes for medical personnel.  


5.0
Conclusions


The ICS prosthetics have proven to be useful and reliable and provide a realistic training experience for health care professionals.  After evaluating data from the U.S. Army Institute for Surgical Research, it is clear that a need exists for part task trainers to prepare military trauma care professionals for life saving procedures necessary to preserve the life of wounded war fighters.  Many of these same procedures are done in civilian hospitals.  Identifying common needs between field medicine and civilian hospitals can help reduce the estimated 98,000 people that die each year as a result of medical errors.  It is imperative that we continue to train medical personnel by employing the highest level of fidelity and realism and leveraging the lessons learned from military training to civilian medicine.


Moving forward, VRMC and RDECOM-STTC are employing state of the art techniques and materials in the development of physiologically accurate synthetic tissue, a critical technology in the development of dynamic wound and medical procedure kits.  In addition to the work cited in this paper, current research and development is focused on creating the next generation of kits, which include the materials required to train emergency medical personnel in performing a cricothyrotomy and chest tube insertion.  The collaborative partnership between VRMC and RDECOM-STTC provides product validation.  We are refining prosthetic tissue technology and transitioning this capability to medical training applications. 

Implicit in developing this new technology is the ability to weave in the important lessons we are learning from Stress Inoculation Training.  Most medical training does not include a stress-hardening component when based upon reports of high levels of stress and PTSD in medical personnel obviates the need for improved attention to this growing problem.  It is our opinion that the SIT component may be equally as important to the acquisition of appropriate medical triage and trauma training skills.  
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Abstract 


Excessive pain during medical procedures is a widespread problem.  Pain during medivac, and during medical procedures for combat-related injuries is often not adequately controlled using pharmacologies alone.  Immersive Virtual Reality (VR) is being explored in a growing number of civilian medical centers as a non-drug distraction technique to augment procedural pain control in trauma and burn patients.  The feeling of pain experienced during medical treatment can be reduced through sophisticated virtual reality helmets, a simple computer game and the patients willingness to become immersed in the virtual world.  The essence of VR is the illusion users have of going inside the computer-generated environment. Being drawn into another world drains a lot of attentional resources, leaving less attention available to process pain signals.  Preliminary data show that rather than having pain as the focus of their attention, for many patients in VR, the wound care becomes more of an annoyance, distracting patients from their primary goal of exploring the virtual world.  As a result, this type of distraction even reduces the dosage of pain medications required to make patients comfortable, which could be of great help during medevac from theater.  There is a need to further assess the methodology and the psychological aspects of this technique in order to improve its analgesic property. Work is in progress to miniaturize the tool and make it applicable as close as possible to the front line for use by combat medics and forward medical facilities (NATO Role 1 and Role 2). 


1.0
Introduction 


Military researchers have been showing a great interest in VR for years, especially in the field of medical training, combat training, and flight training. Recently, more information has become available on the positive impact of VR interventions on pain. Planning for the collaborative development of the first immersive virtual system designed for reducing pain is now underway. Pain in burn patients is a major issue for the DoD, and VR appears to be a very exciting tool to help these patients cope with their medical treatments (e.g, burn wound debridment from burn wounds received during IED explosions in OEF/OIF).  Development of the SnowWorld software has resulted in a unique product which has been used and evaluated at the Burn Unit, Institute of Surgical Research.  


2.0
What do we know about pain?


Pain is an unpleasant sensation which can occur in various degrees of severity, ranging from discomfort to agony, as a consequence of injury, disease or emotional distress.  Painful sensations are detected by specific receptors which inform us on the type of stimulus: it maybe a pressure, a torsion or a burn. Once the stimulus has been received by the brain and analyzed, the body gets more information on the precise location, intensity, and the duration, to help assess the damage.  The feeling of pain is therefore primarily based on simple neurophysiology: a message coming from the skin, a bone or a tooth is conveyed to the brain (nociception).  However, the patients perception of any given nociceptive signal from a pain receptor can be very different depending on a person’s emotional state, level of attention, interpretation of pain, anticipation based on previous experiences, or expectation of life threatening consequences. Neuroimaging using PET of fMRI show that several brains areas are consistently metabolically active during nociceptive stimulations when subjective pain is reported. Moreover, inter-individual differences are visible: highly sensitive individuals exhibit more frequent and intense activations than those less sensitive.


The conventional treatment of pain has well established guidelines.  Depending on its type, (e.g, chronic or acute), analgesia is based on drugs. Using over the counter pain killers such as aspirin, acetaminophen or ibuprofen have become a reflex for all us when suffering from painful conditions.  When the pain is becoming unbearable, physicians would prescribe more potent drugs such as opiates. The well known problem with most drugs is that the benefit is usually accompanied by side effects which can not only be bothersome but can sometimes be life threatening. Aspirin has been shown to have detrimental effect on coagulation and can affect the integrity of the upper gastro-intestinal tract, ibuprofen in high doses can cause liver damage, and opiates are known to increase the risk of problems which have been well described in the literature.  Although opioids are the cornerstone analgesic for patients with severe burn injuries and other trauma injuries (Patterson, 1992;1995; Malchow and Black, 2008), side effects of opioid narcotic analgesics limit dose levels and frequency of use (Cherney et al, 2001).  Opioid side effects frequently include nausea and constipation, and opioids may reduce immunosuppression (Vallejo et al, 2004).  


Considering the risks associated with drugs, researchers and health care professionals focus on another direction: is it possible to reduce pain by influencing perception. Peter Staats, MD, from the Johns Hopkins Pain Clinic has offered a couple of pointers.  Patients dealing with pain must remember that focusing on pain makes it worse. They should instead try to concentrate on events or situations which make them happy, they should meditate and try to relax as much as possible, and more importantly they should have fun during painful procedures such as severe burn wound cleaning (perhaps easier said than done).


3.0
 Need for improved procedural pain management

As the result of aggressive use of explosive devices against U.S. troops by enemy insurgents in Iraq and Afghanistan, thousands of U.S. warfighters have suffered severe burn wounds and/or other trauma injuries.  Malchow and Black (2008) cite reports that over 80% of American casualties are transported from Baghdad to Germany with uncontrolled pain.  Severe to excruciating pain often continues during hospitalization.  U.S. warfighters with severe combat-related injuries—such as burned hands, broken bones, and amputations—must undergo frequent wound care sessions as part of their recovery.  For patients with severe burns, wound care/debridement typically involves cleaning the wound and scrubbing dead skin away as it sloughs off the wound during healing, to help avoid infection. Debridement typically occurs daily, for weeks or months.  For burn patients, physical therapy stretching of the newly healing skin helps to counteract the healing skin’s natural contraction as it scars, increasing skin elasticity, and thus enhancing range of motion (Carrougher et al., 2009). Most burn patients report severe to excruciating pain during medical procedures (Choiniere et al,. 1989; Carrougher et al,. 2003; see also Melzack, 1990).  


Solving the problem of excessive pain may prove more challenging in military populations than in civilian populations. Both physical and emotional suffering—including PostTraumatic Stress Disorder and depression—are particularly problematic in survivors of combat-related injuries caused by explosions (McGhee, Maani, Garza, Gaylord, and Black, 2008). In one recent study (Clark et al., 2009) patients who had experienced combat-related blasts had more extensive physical injuries (i.e., they were more likely to have amputations) and greater pain severity.  Soldiers with combat-related burn injuries required larger opioid analgesia doses for pain than soldiers and civilians with non-blast injuries.


Repeated acute pain episodes during medical procedures and repeated daily doses of strong narcotic analgesics can interfere with healing and long term outcome.  For example, excessive pain may increase the risk of developing chronic pain, and opioids can further suppress an already compromised immune system.  Successful analgesia during wound debridement can enhance recovery and speed patients’ return to active duty or civilian life, while reducing the costs of long-term medical care due to primary or secondary pathology (Malchow and Black, 2008).  PostTraumatic Stress Disorder and depression can be exacerbated by uncontrolled acute pain during medical procedures, and similarly, these psychological disorders can amplify pain perception (e.g, flashing back to Iraq roadside bomb attack during wound care may make the wound care session more unpleasant and more intensely painful).  And patients can get in a rut.  For example, excessive pain on one day can increase expectation of pain the next day, leading to nocebo hyperalgesia, the functional opposite of the placebo effect (Colloca et al., 2007).  


4.0
Immersive virtual reality


Immersive Virtual Reality has the potential to decrease suffering for U.S. troops with combat-related burn injuries who must undergo painful wound debridement and rehabilitative procedures. VR is typically used adjunctively, in addition to any pain medications the patient is already receiving.   Immersive Virtual Reality is hypothesized  to reduce pain via a non-pharmacologic attentional mechanism (Hoffman, Doctor, Patterson et al, 2000;  Hoffman, Garcia, Kapa et al., 2003;  Patterson, Hoffman, Garcia, and Jensen, 2006; Hoffman, Sharar, Coda et al., 2004; Hoffman, Richards et al., 2004).   Patients look into VR goggles.  The goggles block patients' view of the hospital room, so they cannot see the wound care.  Instead, the goggles substitute synthetic computer-generated images from an illusory 3D virtual world.  Noise canceling earphones block sounds from the hospital room, and substitute more calming music and sound effects.  The patient interacts with the virtual world, throwing snowballs at objects in the virtual world, which makes it even more attention grabbing.  According to this logic, pain requires attention (Eccleston and Crombez, 1999), and patients have a limited amount of attention available (Kahneman, 1973).  VR draws upon these limited attentional resources, leaving less attention available to process incoming pain signals.  Consistent with involvement of an attentional mechanism, burn patients report they spend much less time thinking about their pain during wound care, while in SnowWorld.  In addition, laboratory pain studies have shown that on a divided attention task, where the primary task is to monitor a string of numbers, performance on the primary task drops significantly when participants go into Virtual Reality (Hoffman, Garcia, Kapa et al., 2003).  


5.0
 Preliminary results


Controlled studies with civilians and recent results with military populations/combat casualties show preliminary evidence that allowing patients to “go into” Virtual Reality during painful procedures can help reduce excessive pain non-pharmacologically. Compared to standard of care (i.e., pain medications with no VR) researchers consistently find 30-50% reductions in pain ratings when VR is used adjunctively with opioids during civilian severe burn wound care (Hoffman, Patterson et al, 2008) and physical therapy (Hoffman, Patterson, Carrougher, 2000; Hoffman, Patterson, Carrougher, Sharar, 2001; Sharar et al., 2007; Hoffman, Patterson et al., 2008).  Similiar results have been reported while treating soldiers with combat-related burn injuries (Maani, Hoffman, 
et al., 2008, see Figure 1 left).  In addition, analog laboratory studies using fMRI brain scans have shown large reductions in pain-related brain activity associated with Virtual Reality analgesia (Hoffman, Richards et al., 2004, see Figure 1 right).  Using a static fiberoptic VR helmet with 800,000 tiny fibers per eye, Hoffman, Patterson et al, (2008) showed that VR analgesia can reduce some of the most severe pain in medicine: during severe burn wound care/debridement in the hydroscrub tanks.  Surprisingly, VR was most effective in patients who needed it the most, those with worst pain scores of 7 or higher on a scale from zero to 10 (a pattern of results recently replicated in patient with combat-related burn injuries (Maani Hoffman et al., submitted). Immersive Virtual Reality (VR) appears to show a non-pharmacologic dose-response relationship where more immersive VR systems (presumed to be more attention grabbing) reduce pain more effectively than less immersive VR systems (Hoffman, Sharar et al, 2004; Hoffman, Seibel et al., 2006).  For example, in a between-groups, double blind analog pain study manipulating only helmet quality, more immersive medium field of view VR goggles  led to clinically meaningful reductions in pain in 2 out of 3 participants, whereas less immersive narrower field of view VR goggles led to clinically meaningful reductions in pain in only 1 out of 3 participants (Hoffman, Seibel et al., 2006). 
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Figure 1.


Although there is preliminary evidence that immersive Virtual Reality is an effective distraction for procedural pain, commercially available VR helmets are inadequate for everyday clinical use in hospitals, and especially for more rugged environments needed for treating military patients closer to the battlefield.  Lack of a commercially available, lightweight, wide field of view high-tech VR helmet suitable for military use for VR analgesia is a barrier to widespread clinical adoption of this promising new technique into everyday military as well as civilian clinical practice e.g, commercially available conventional VR helmets cannot be used to treat patients near water, such as in the scrubtanks where some of the most painful wound care takes place, because considerable display electronics and backlight illuminators requiring electricity are mounted on the patients head with conventional VR helmets (Hoffman, Schowengerdt et al, in press).
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Figure 2: Results from 12 soldiers burned by IEDs in OEF/OIF, Maani, Hoffman et al, submitted).


As mentioned earlier, soldiers injured on the battlefield are often undermedicated during medivac from the battlefield in Iraq/Afghanistan to Germany (Malchow and Black, 2008) and from Germany to the Trauma Center at ISR in San Antonio.  Although we recommend using VR in addition to opioids, VR alone is especially likely to be effective for patients who get little or no pain medications, since VR appears to be most effective for patients with worst pain of 7 or greater (Hoffman, Patterson et al., 2008; Maani, Hoffman et al, 2008).  Our laboratory studies show that VR analgesia alone is at least as effective at reducing pain as a moderate dose of opioids alone (Hoffman, Richards et al., 2007).  This potentially powerful nonpharmacologic analgesic (Virtual Reality analgesia) could help compensate for undermedication during transport.


6.0
VR delivery improvement


Scientists and researchers from the University of Washington in Seattle have achieved a medical/technological breakthrough in originating the technique of using of VR for analgesia (Hoffman, Doctor, Patterson et al, 2000; Hoffman, 2004). University of Washington Engineers originated the scanning fiber endoscope (Seibel et al., 2008; Seibel and Smithwick 2002).  With the support of the US Army Telelemedicine and Advanced Technology Research Center, Hoffman and Seibel are working to develop and test a “scanning fiber” VR helmet suitable for military trauma/burn center and Medivac use, with potential to be brought further forward into the battlefield in future projects.  The proposed paradigm shift from small Liquid Crystal and related miniature displays to ultra small ultra lightweight “nearly zero heat” scanning fiber projectors as the image sources for the VR helmet will greatly increase the suitability and availability of VR analgesia in military medicine.  


Because existing VR helmets present major drawbacks such as weight, heat, and cost to name a few, there is an urgent need to design and evaluate a much lighter VR helmet for reducing pain of wounded warriors during transport from the battlefield to the US Army Institute of Surgical Research  (USAISR) in San-Antonio TX.  Once the prototype is available, on its way more forward, it will first be used in future randomized controlled clinical studies exploring the efficacy of VR analgesia during wound debridement and painful physical therapy during injured extremity rehabilitation in soldiers with severe combat related burn injures at USAISR. A ruggedized, cooler temperature, and much lighter weight and comfortable VR helmet that is suitable for everyday clinical use, and also suitable for use nearer to the battlefield (e.g, military transport from the battlefield to the trauma center/hospital), and that can also be used near water and in fMRI brain scanners, is widely needed for a growing number of combat casualties (not to mention military training such as dismounted infantry).  Because VR uses electronics and not drugs, Virtual Reality analgesia does not cloud the injured soldier’s thinking/judgment like narcotic analgesics (satisfying the military’s request for battlefield interventions that do not cloud decision making).


7.0
The scanning fiber VR goggles


Fiberoptics can be used as a remarkable conduit to carry high definition computer generated video movies/video games from the miniaturized RGB light sources to the goggles.  The University of Washington project introduces a new scanning fiber display technology that is inherently small, rugged, lightweight, water friendly and fMRI magnet friendly. Hoffman and Seibel propose to introduce the first miniature, very lightweight (e.g., 1 ounce) scanning fiber projector image source for a VR helmet, to replace the heavy, hot, expensive, electronic, breakable miniature computer displays currently used in commercially available VR helmets.  The scanning fiber projectors will project virtual reality images onto small head mounted rear projection screens mounted at the focal distance required of the optics of the VR goggles.  The optics/lenses focus the VR images into the patient’s eyes in a way that helps trick the brain into thinking the images are far away.  
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Figure 3: Schematic of the proposed scanning fiber virtual reality goggles.  From left to right is shown the scanning fiber projecting an image onto a miniature rear projection screen. The person looking into SnowWorld through an optical lens (white lenticular shape near the patient’s eye).


This novel, cost effective, transport Medivac-friendly ruggedized scanning fiber VR goggle prototype will be developed, modified, hardened, and tested by our interdisciplinary team, merging USAISR’s VR analgesia team which already includes Dr. Hoffman, in collaboration with Dr. Maani and Dr. Gaylord. This new scanning fiber technology is smaller, lighter, more energy efficient, safe near water, magnet friendly (for fMRI brain scan studies), and has the potential to be further miniaturized via future development to make it uniquely portable in future iterations via congressional funding.  Furthermore, these novel scanning fiber photonic goggles will have richer colors and greater color saturation because each pixel of the photonics goggles is already a color when it comes out of the fiber, unlike typical RGB displays (e.g., LCDs) that use three monochrome color pixels to create one composite colored patch of light.  The University of Washington effort will deliver a robust, wide field of view, lightweight VR helmet that is specifically designed to be used by military burn patients and other military and civilian hospital patient populations to reduce pain from recent trauma injuries during transport and during frequent inpatient medical procedures.  


8.0
Conclusions


Excessive acute pain during various medical procedures is a widespread problem in both civilian or military hospitals. The situation becomes more critical when air evacuation is involved since as a precaution to avoid cardiorespiratory problems, patients are too often undermedicated. There must be other ways to alleviate the pain of these patients without using drugs, or at the very least, using the smallest amount of medication in order to limit side effects. Pilot studies run at the Burn Unit of the USAISR show that VR appears to work well for reducing acute pain from combat-related burn injuries. Additional research and development is needed to confirm the efficacy of the treatment and expand the availability of VR not only in the burn and trauma units, but also as close as possible to the front line, e.g., during medical evacuations and eventually even further forward.
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Abstract 


Background

Multiple methods are utilized for thermoregulation of combat wounded as they proceed from the point of injury until their arrival in the United States. The purpose of this study was to develop an in vitro torso model constructed with fluid bags and to determine whether this model could be used to differentiate between the heat prevention performance of devices with active chemical or radiant forced-air heating systems compared with passive heat loss prevention devices.


Methods

We tested two groups of hypothermia prevention products: Group 1, which consisted of three devices with actively heated systems (either chemically or electrically); and Group 2, which consisted of five methods of passive heat loss prevention. Both groups were tested on a fluid model of truncal dimensions (45 liters PrismaSate® dialysate solution, approx 60% of 70 kg, or 48.6 kg) warmed to 37o C versus a control with no warming device. Core temperatures were recorded every 5 minutes for 120 minutes total, based on the controls achieving a clinically significant drop from 37°C to 34°C consistently over 2 hours.


Results

The wool blanket provided no significant prevention of heat loss compared with the controls. Products that prevent heat loss with an actively heated element performed better than most passive prevention methods. The original HPMK( achieved and maintained significantly higher temperatures than all other methods and the controls at 120 minutes (p < 0.05). None of the devices with an actively heated element achieved the sustained 44 (C that would damage human tissue if left in place for 6 hours. The best passive methods of heat loss prevention were the Hot Pocket and Blizzard( blanket, which performed similarly as two out of three active heating methods tested at 60 and 120 minutes. 


Conclusions

Our in vitro fluid bag “torso” model appeared sensitive to detect heat loss in the evaluation of several active or passive warming devices. All active and most passive devices were better than wool blankets. Under conditions near room temperature, passive warming methods (Blizzard™ blanket or the Hot Pocket) were as effective as active warming devices other than the original HPMK™. None of the devices with an actively heated element achieved the sustained 44(C temperature that would damage human tissue if left in place for a 6-hour period. Further studies are necessary to determine how these data can translate to field conditions in preventing heat loss in combat casualties. 


1.0
Introduction


Hypothermia, defined as a core temperature of less than 35 °C [1- 3] secondary to hemorrhagic shock or trauma [4, 5], is as difficult for medical providers to treat today as it was in World War I [6]. It is an often overlooked and sometimes fatal complication of trauma.

1.1
Physiology


Core temperature is controlled by the hypothalamus with 80 % of its input coming from peripheral neuron-receptors [3, 6, 7]. The human body maintains core temperature at approximately 37ºC +/- 1.0ºC [3, 6, 7]. Depending on which reference you read, hypothermia is variously defined as a core temperature of less than 35-36ºC [3, 4, 7]. Non-shivering thermogenesis begins at 36ºC, and shivering at 35-35.5ºC [4, 6]. Shivering generates heat, but increases glucose and energy consumption. Substrates for this heat generation rely heavily on metabolism of glucose at 2-5x the basal metabolic rate [7]. Shivering also increases oxygen consumption, further worsening the condition of patients who are already hypoxemic at the cellular level which may further worsen shock [4, 8, 9].  

Hypothermia may be exacerbated by catecholamine release, steroid release, and release of tissue thromboplastin from ischemic tissues [4]. Adrenergic-mediated vasoconstriction occurs at 36.7˚C and couples with shivering as the main defenses against temperature loss for a time [6]. As core body temperature decreases, the adrenergic, cardiovascular and metabolic compensatory mechanisms begin to fail [4]. When the body is cooled below 32˚C shivering stops, leaving vasoconstriction as the only defense against continued temperature drop [4, 7]. Previous studies assert that 100% mortality occurs in trauma patients with core temperatures at 32˚C or below [8, 10, 11]. This is in contrast to patients suffering from accidental hypothermia, where severe hypothermia is defined as less than 28˚C, but is associated with mortality of only 10% [11].  


Because of these differences, a separate classification scheme for hypothermia has been proposed in patients suffering from trauma where mild hypothermia is defined as core temperature from 34-36ºC, moderate 32-34ºC, and severe <32ºC [11]. Most studies advocate what is termed “active rewarming” below 32ºC at which point injury or illness prevents normal thermogenesis [7]. Viscous bronchorrhea, decreased ciliary motility, non-cardiogenic pulmonary edema, and decreased renal blood flow by 50% occur at 27 to 30°C [4]. This decreased blood flow causes an increased loss of fluid through cold induced diuresis, but without nitrogenous waste removal [4, 9]. At temperatures less than 32ºC the body experiences a severe decrease in intrinsic metabolic rate.  At less than 24ºC endocrine modulation fails, and the risk of spontaneous ventricular fibrillation increases [4, 9], although this may occur at earlier temperatures in trauma patients. 

1.2
Combat Trauma


Although the pre-hospital civilian or casualty care curriculum stresses the importance of preventing heat loss and keeping multisystem trauma patients warm, sometimes this critical step is overlooked during care of trauma patients. One study observed that 43% of trauma patients arriving at a hospital have core temperatures of less than 36 °C [12]. These data suggest a need for increased focus on thermoregulation of the combat casualty. 


There are many implications of hypothermia in multisystem trauma patients. Because every body system is affected by hypothermia, there are strong relationships among sepsis, coagulopathy, acidosis, and multiorgan failure in these critically injured patients [12]. Hypothermia’s relationship to coagulopathy and shock has been well documented [1, 2, 4-6, 12-19]. This “triad” is a significant contributing factor to the mortality of trauma patients and has been noted as a major reason for resistance to resuscitation after trauma [6, 8, 10, 16, 18]. This acquired coagulopathy, particularly  in trauma patients who require massive transfusion, accounts for a large percentage of early trauma deaths among both civilians and military personnel [2, 3, 13]. 

1.3
Current Data from the Field

The triad of hypothermia, coagulopathy, and acidosis may be more difficult to reverse in a desert environment [6, 20]. In addition, a coagulopathy of trauma, perhaps arising from a separate mechanism, affects at least 1 in 4 seriously injured trauma patients; and etiologies include direct effects of hemorrhage and subsequent shock, hemodilution, hypothermia, and acidosis [16]. Data suggest a possible correlation with survival associated with hypothermia. For example, one study in particular showed that in normothermic patients, the survival rate was 97.5%, whereas in hypothermic patients it was 75% [7]. Another conclusion from the same study observed that 87.5% of patients who were hypothermic upon arrival needed surgery versus 64.5% of normothermic patients. Eastridge et al. showed a correlation between hypothermia and the need for massive transfusion in multiple trauma victims and asserted that blood transfusion requirements are directly proportional to core temperature [17]. Even mild hypothermia (34 to 36 °C) has multiple untoward physiologic effects; and studies demonstrated an increased incidence of post-operative wound infections, coagulopathy, myocardial ischemia, and a decrease in peripheral circulation (which may increase tissue hypoxia, thus making wounds more susceptible to infection) [1, 2, 21]. Arthurs et al. looked retrospectively at one year’s worth of trauma patients presenting to their combat support hospital in Iraq and found data that associated temperatures of 33 °C or less with 100% mortality [11]. These data suggest that a critical temperature range for the multisystem trauma patient was 34 to 36 °C [11].       

1.4
Importance to the Military     

Combating hypothermia in the pre-hospital setting (U.S. Army levels I and II for the military) has plagued medical providers since the discovery of this metabolic derangement [22]. Hypothermia by itself presents treatment challenges. Combined with a shock state and hypovolemia, it can be a disastrous event that will worsen and quickly lead to decompensation in critically injured patients. 

Since the U.S. Army developed the Tactical Combat Casualty Care (TCCC) model, casualty evacuation (CASEVAC) care has presented a challenge for providers to prevent hypothermia in trauma patients [11, 22]. TCCC advances have driven medical device markets to make products whose performances have not been validated by independent studies. Medical providers in the field are thus forced to base their procurement decisions on either personal anecdotal experience or manufacturer claims of performance or simply to rely on old methods of passive prevention of heat loss.

1.5
Current Devices Commonly in Use

In the current conflict, many methods of both active and passive hypothermia prevention are employed. In the active group, the Hypothermia Prevention Management Kit (HPMK() (Fig 1) is a small, lightweight device, which uses an active chemical heating element placed on the patient, and surrounded by an outer blanket.  This active element, called the Ready Heat( (Fig 1), is also available through military supply channels as a single item. These devices require no external power source, and are becoming widely used by our forces.  Additionally, the Bair Hugger 505® forced warm air patient warming system (Fig 1) is available at most level II/role II facilities. This device is purpose built to prevent hypothermia in patients undergoing surgery, but must have a power supply to operate.  
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Figure 1: Pictures of the active heating products used in this study.


There are several passive methods available as well. The standard US Army wool blanket (Fig 2) is still in use today, and its design has changed little throughout history. More modern passive prevention methods such as the space blanket (Fig 2), and the Blizzard Blanket( (Fig 2), which is a component of the HPMK(, represent more modern lightweight solutions to the problem of hypothermia prevention. Some passive methods have come into wide use through Soldier innovation, such as the human remains pouch (Fig 2). This device has been used alone, and in combination with the space blanket and wool blanket during the current conflict with great success, earning the nickname “Hot Pocket”.
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Figure 2: Pictures of the passive heating products used in this study.

Like the devices in the active group above, many devices used today to maintain patient temperatures utilize the application of heat directly to the patient’s skin. These devices use either forced warmed air, warmed fluid or dry powder chemical reactants to provide the heat source. There have been anecdotal reports of patients sustaining thermal burns from some of these products during the current conflict. Regarding surface temperatures, research in this area done in the 1940’s utilized an apparatus that passed warm fluid through a brass container in direct contact with both porcine tissue, and the tissue of human volunteers [23]. In their experiments, Moritz and Henriquez found that the lowest surface temperature responsible for cutaneous burning was 44˚C, and the time required to cause irreversible damage to epidermal cells at this temperature was approximately 6 hours [23]. They also found that the rate at which irreversible cellular injury was sustained increased rapidly as the surface temperature was raised, and for each degree rise in surface temperature between 44 and 51˚C, the time required to produce such injury was reduced by approximately one-half [23].  


1.6
Study Purpose

Using laboratory testing, we rated the performance parameters of various hypothermia prevention methods currently available in the U.S. Army medical supply system for TCCC on a torso fluid model constructed from nine 5000-cc bags of warmed PrismaSate® (Gambro, Lakewood, CO) dialysate solution. We had three main research questions: 1) Are devices with active chemical or radiant forced air heating systems better than passive prevention of heat loss? 2) Do passive heat loss prevention systems prevent heat loss over 120 minutes that are comparable to systems with an actively heated component? 3) Do any of the devices with an actively heated component achieve temperatures known to cause burns on human skin? This study attempted to quantify the efficacy between the main hypothermia prevention kits available at the point of injury and role I and role II facilities and to establish a rank order of greatest to least in terms of loss of temperature, gain of temperature, or no change in our fluid model. The results of this study should also apply to treating hypothermia in the civilian community.

2.0
MATERIALS AND METHODS


This study was a prospective laboratory trial designed to evaluate current products used to prevent hypothermia. Our fluid model consisted of nine 5000-cc bags of PrismaSate® (Gambro, Lakewood, CO) dialysate solution used for continuous renal replacement therapy. This fluid was composed of 3.05 g magnesium hydrochloride, 5.4 g lactic acid, 7.08 g sodium chloride, 2.21 g sodium bicarbonate, and 0.314 g potassium chloride in a total volume of 5000 cc. These bags were configured to the size and weight of an adult human torso (approximately 60% of 70 kg, or 48.6 kg) and heated to 38.5 °C (Fig 3). 
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Figure 3: Arrangement of the PrismaSate® bags to develop the fluid model used in this study.

Our initial assumption was that there would be a very large, rapid drop in temperature in our untreated control model. However, after preliminary testing it was apparent that the model cooled slower than expected. 
A control model was heated to 37 °C and allowed to cool at ambient temperature to provide baseline negative control values without hypothermia prevention. Average time for this model to cool from 37 to 34 °C was 2 hours, so this became our testing time.


Fluid models had one indwelling thermistor probe in a representative “core” bag, and surface temperature probes were attached dorsally and ventrally to track changes in temperature every 5 minutes for 2 hours.    

We tested two broad groups of hypothermia prevention: active and passive. In the active group, we evaluated two Hypothermia Prevention Management Kits (HPMK™) (North American Rescue Products, Greer, SC)–the original and  a newer version introduced during the course of our study. We also evaluated the Ready Heat( (RH) blanket (TechTrade LLC, New York, NY) and the Bair Hugger® Model 505 (Arizant Inc., Eden Prairie, MN) forced air warmer (Fig 1). The HPMK™ consists of the RH( blanket and either the Blizzard( blanket or heat reflective shell (HRS() described below. The Bair Hugger® is a forced air warming device consisting of a warming unit and telescoping hose that attaches to a reinforced paper blanket with cells that provide venting of the warmed air. The device requires electrical power and the high setting of the device is listed as 40 oC. These products are the standard active hypothermia prevention devices currently being used by the U.S. military and are listed in the Joint Theater Trauma System Clinical Practice Guidelines on Hypothermia Prevention, Monitoring, and Management (November 2008) for hypothermia prevention in trauma patients from the current war in Iraq. The NSN (national stock number) for each item available in the U.S. Army Inventory is listed in Table 1. We also evaluated surface temperatures in the active group to determine whether temperatures achieved might cause damage to human skin.

Table 1: Device Information.

		Hypothermia Prevention Product



		Name

		NSN*

		Dimensions 

		Weight



		Original HPMK

		6515-01-532-8056

		6.75" H x 10.5" W x 5.5" D

		3 lbs 8 oz



		New HPMK

		6515-01-532-8056

		6.75" H x 10.5" W x 5.5" D

		3 lbs 8 oz



		New Ready Heat

		6532-01-525-4062

		36" W x 48" L

		2 lbs



		Ready Heat

		6532-01-525-4062

		36" W x 48" L

		2 lbs



		Blizzard Blanket

		6532-01-524-6932

		20 x 11 x 4.5 cm.

		1.16 lbs



		Heat Reflective Shell

		Pending

		43" W x 78" L   

		



		Human Remains Pouch

		9930-01-331-6244

		36" W x 96" L

		14 oz



		Space Blanket

		7210-00-935-6666
or
7210-01-463-5431

		56" W x 84" L

		2 oz



		Wool Blanket

		7210-00-282-7950
or
7210-00-935-6665

		62" W x 80" L

		2.75 lbs



		Bair Hugger

		6530-01-463-6823

		13" H x 10" W x 11" D

		13.6 lbs





*NSN is the NATO (North Atlantic Treaty Organization) stock number assigned to products.

In the passive group (Fig 2), we compared the U.S. Army standard issue wool blanket, space blanket, Human Remains Pouch (HRP), Blizzard Blanket( (Performance Systems Medical Division, Houston, TX), and Heat Reflective Shell (HRS(). The Blizzard( and the HRS( are components of the original and the new HPMK(, respectively. Since both are available as single units without the Ready Heat(, they were also evaluated alone. Additionally, the HRP, wool blanket, and space blanket were evaluated as a passive system in combination, known as the Hot Pocket. The space blanket, also known as the combat casualty care blanket has a reflective side. The blanket used in this study was a heavier plasticized tarpaulin version which has cross-hatched plastic thread reinforcements to confer strength. The Blizzard Blanket( is a large reflective wrap designed to cover most adults completely and is made from a proprietary material called Reflexcell™.  The HRP or body bag is the current device used in the military and is constructed of an outer plastic or canvas cover with a rubber leak proof inner core. The HRS™ is constructed from a polyolefin, 4-ply, composite fabric with a protected non-conductive thermal reflective layer that is waterproof and windproof. We compared products within their group and then in relation to an untreated control group, evaluating their abilities to prevent a core temperature drop in our model. Each device was tested five times. Table 1 shows the dimensions and weight of all products evaluated.  


During preliminary test runs, we denoted exact times relevant to degradation of temperature upon removal of the fluid bags from the warming cabinet to account for initial radiant and convective heat losses prior to model setup. No test began until indwelling temperatures were at exactly 37° C. This study was conducted in an operating suite of the US Army Institute for Surgical Research (ISR), suitable to control ambient temperatures tightly.  Internal room temperature was maintained between 22.3 and 22.7(C, and verified with both digital and mercury type thermometers placed throughout the room. Temperatures were checked every 15 minutes and never varied outside this range.  


Bags were placed in the center of a calibrated warming cabinet, model 5618 (Getinge, Rochester, NY), and set to a temperature of 37.8 (C. This temperature setting actually achieved a core temperature closer to 38.5 (C consistently, so the experiment was started when the bags had cooled to 37 (C.  


Two groups of 9 bags were heated simultaneously in the warming cabinet and randomly selected for each test to decrease variability. Only two tests were done per day on bags warmed continuously in the cabinet for 12 hours. The fluid bags were placed on a stainless steel operating table. The bags were then stacked in the configuration of a torso (Fig 3).


Temperature measurements of the dorsal surface, ventral surface, and core were obtained every 5 minutes during test runs with the Omega( HH 84 Thermo Collector. The manufacturer’s specifications list variance as 0.1 (C for accuracy. The devices self-calibrate upon powering up and run self-diagnostic tests. If the probes are not functioning, the temperature will not be displayed; and a message reading “over” will be visible. Probes were replaced if temperature monitoring malfunctioned. Two Omega( hypodermic probes (model number HYP1-30-1/2T-G-60-SMP-WM) were used for each test for core measurements, and two probes (model number HYP2-21-1-1/2-T-G-48-OSTW-M) were used to monitor surface temperatures. 


A mercury thermometer was then compared to ensure that all devices were within reasonable variance as listed by Omega. No variation was detected between probe readings, and minimal variation was detected between the digital and the mercury thermometers (0.1 to 0.2 (C).   


The core probe was placed on a 6-inch rod and inserted by using a luer adapter to ensure that the probe was in the center of the representative core bag. Surface probes were placed directly underneath actively heated elements and not on air bubbles once the model was placed on the table.  


Alternating ends of the table were used between runs to account for conduction of heat to the table, and table temperature was checked to ensure equilibrium with the room environment prior to each test. The table was turned during each consecutive trial so the head of the model was farthest away from the air flow of the air conditioning unit to control for convective forces. 


2.1
Statistical Analysis


Data were compiled with the Thermocollector® program, which accompanied the Omega thermistor temperature collection devices. Our sample size calculation was originally based upon a non-matched, two-tailed comparison of average core temperature.  We presumed an average end-state core temperature of 26.7˚C for the control, with a 0.5˚ C standard deviation among samples, and wished to detect a minimum statistically-significant difference of 1˚C between experimental groups.    


We calculated that a sample size of 5 per group would detect significance at an alpha error level of 0.05 with a power of greater than 90%.  From control testing we discovered an average core drop of 3(C in 2 hours time.  Our post-test power analysis determined that 2 runs per device would have been sufficient to detect significance at the same alpha error. Although a temperature drop of 1˚C was of statistical significance based on our design, this test attempted to detect a more clinically significant drop in temperature from 37˚C to 34˚C as a measure of efficacy in hypothermia prevention. 

Core temperatures were compared among all devices relative to the untreated controls. Surface temperatures were evaluated to determine whether devices with an actively heated component reached temperatures known to be capable of causing tissue damage in humans. 

Data are presented as mean + standard deviation (SD). A p value of <0.05 was considered statistically significant. Selection of times listed in table 2 reflect reference times for medical personnel treating casualties in the field. An evacuation time of 30 minutes might apply to some situations, whereas 120 minutes may be more realistic in others. For combined core temperature results, data were analyzed using repeated measures with two-way analysis of variance (Anova) with time and device as the variables. Tukey-Kramer adjustment was used for multiple comparisons at each time point. To determine whether there was a significant drop in temperature at the end of the experiment compared to baseline for each individual device, a one-way Anova with repeated measures was used.

3.0
RESULTS

3.1
Control


In the untreated control group, the average time for our model to cool from 37 (C to 34 (C in an ambient controlled room temperature of 22.3 to 22.7 (C was 2 hours (Fig. 4). In this group, the mean temperature was 36.2 (C at 30 minutes, 35.44 (C at 60 minutes, and 33.9 (C at 120 minutes. 
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Figure 4: Temperature maintenance of active heating products (HPMKs, Bair Hugger, and 
Ready Heat) over the 2-hr period compared to untreated controls. The original HPMK 
maintained the highest temperatures compared to the others. Data represent 
the mean + SD of five determinations for each product.

3.2
Active Group


A comparison of the active hypothermia products versus the control group is shown in Figure 4. All active warming devices maintained core temperatures in the fluid model significantly better than controls or the wool blanket from 60 min or earlier (see below) to the end of the 120-min experimental period (Fig 4, Table 2).

Table 2: Mean Core Temperatures of the Model at Times after Wrapping in Hypothermia Prevention Products
[Data represent the means+ SD of five determinations at each time point].

		Hypothermia Prevention Product

		Mean Core Temperature, (C



		Name

		At 30 Minutes

		At 60 Minutes

		At 90 Minutes

		At 120 Minutes



		Original HPMK

		36.76 ± 0.11

		36.76 ± 0.23

		36.74 ± 0.33 

		36.7 ± 0.32  



		New Ready Heat

		36.72 ± 0.22

		36.5 ± 0.37

		36.28 ± 0.38

		36.08 ± 0.38



		Ready Heat

		36.56 ± 0.15

		36.34 ± 0.17

		36.18 ± 0.24

		36.06 ± 0.29



		New HPMK

		36.6 ± 0.14

		36.4 ± 0.14

		36.18 ± 0.18

		35.98 ± 0.23



		Hot Pocket

		36.66 ± 0.15

		36.42 ± 0.13

		36.18 ± 0.16

		35.94 ± 0.15



		Bair Hugger

		36.54 ± 0.24

		36.44 ± 0.25

		36.18 ± 0.37

		35.92 ± 0.37



		Blizzard Blanket

		36.48 ± 0.18

		36.1 ± 0.12

		35.86 ± 0.11

		35.6 ± 0.10



		Human Remains Pouch

		36.14 ± 0.23

		35.6 ± 0.26

		35.08 ± 0.24

		34.56 ± 0.09



		Heat Reflective Shell

		36.46 ± 0.11

		36.02 ± 0.20

		35.58 ± 0.26

		35.16 ± 0.35



		Space Blanket

		36.34 ± 0.15

		35.96 ± 0.31

		35.58 ± 0.30

		35.12 ± 0.18



		Wool Blanket

		35.9 ± 0.1

		35.26 ± 0.09

		34.86 ± 0.17

		34.44 ± 0.15





3.2.1
Hypothermia Prevention Management Kit( (HPMK()


Once the fluid model was constructed and core temperature of 37 (C was assured, the kit was wrapped in sequence, Ready Heat( heating blanket over the dorsal surface, reflective shell over heating blanket, and sealed according to its recommended use. Recording began at a core temperature of 37 (C. Mean core temperature was 36.76 (C at 30 and 60 minutes, and fell only to 36.70 (C at 120 minutes (Fig 4). The HPMK™ maintained temperature better than controls or the wool blanket from 20 through 120 min (Fig 4). In addition at 120 min, the HPMK™ maintained a significantly higher core temperature than all other devices evaluated. 

During the course of our study, a new version of the HPMK( was introduced; so we included that kit in our evaluation, as well as comparisons between the two Ready Heat blankets and two outer shells (see below). Mean core temperature in the new HPMK( at 30 minutes was 36.6 (C, falling only to 35.98 (C at 120 minutes (Fig 4, Table 2). This newer HPMK™ was better than controls in maintaining temperature from 35 to 120 minutes of the experimental period. The average core temperature maintained by the new HPMK™ was significantly less, statistically, than the original HPMK™, only at 120 min (Fig 5). However, differences in the actual temperature maintained between the two kits did not achieve our definition of a clinically significant 3o C drop in temperature. 
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Figure 5: Temperature maintenance in the model of the two HPMK versions examined. Significant differences in the rate of heat loss in the model between the two products was only observed 
at 120 min. Data represent the mean + SD of five determinations for each product.

3.2.2
Bair Hugger® (Model 505) Patient Warming Device


The fluid model was placed on the table, allowed to cool to 37 (C, and then covered with the full-body blanket component of the Bair Hugger®. The device was set on high for the duration of the test. Average mean core temperature at 30 minutes was 36.54 (C and dropped to 35.92 (C at 120 minutes (Fig 4, Table 2).


3.2.3
Ready Heat( Heated Medical Disposable Blanket 


The Ready Heat( blanket was opened, and 30 minutes was chosen as the time within the manufacturer’s instructions to allow the device to heat properly. The model was covered as one would cover a patient in the supine position. A standard Soffe (Fayetteville, NC) tan U.S. Army issue T-shirt was placed on the fluid model between the heating elements and the device as per manufacturer’s guidance and in accordance with what would be readily available to a provider placing this device on a combat casualty. Mean core temperature was 36.56 (C at 30 minutes, 36.34 (C at 60 minutes, and 36.06 (C at 120 minutes (Fig 4, Table 2). The Ready Heat™ maintained temperature better than controls or the wool blanket from 35 minutes to the end of the experiment.  


On initial observation, the new Ready Heat( seemed to perform differently than the original. The standard deviation observed in the temperature measurements was less compared to that of the original device, suggesting more uniform warming. Thus, the new Ready Heat( was better than controls or the wool blanket as early as 20 min after the start of the experiment and remained so throughout the rest of the experimental period (Fig 4, Table 2). Mean core temperature observed was 36.72 (C at 30 minutes, 36.5  (C at 60 minutes, and 36.08 (C at 120 minutes (Figs 4 and 6 and Table 2). As shown in Figure 6, there were no statistical or clinically significant differences between the two Ready Heat products. 
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Figure 6: Temperature maintenance between the Ready Heat blankets in the original and the new HPMK. There was no statistical difference in the rate of heat loss in the model between the 
two products. Data represent the mean + SD of five determinations for each product.

3.3
Passive Group


A comparison of the passive devices evaluated to the control group is illustrated in Figure 7. All devices other than the wool blanket and the human remains pouch (HRP) maintained core temperature better than controls from 60 min or earlier (see below) to the end of the experiment (Fig 7, Table 2).
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Figure 7: Temperature maintenance of passive warming products (wool blanket, space blanket, Human Remains Pouch, Hot Pocket, Heat Reflective Shell, and Blizzard) over the 2-hr period compared to untreated controls. The Hot Pocket maintained the highest temperatures 
compared to the others, and the wool blanket was not better than the untreated 
controls. Data represent the mean + SD of five determinations for each product.

3.3.1
Wool Blanket 


For its ubiquitous presence, this product was also the poorest performer, with a temperature drop similar to that of the control group (Fig 7). Mean core temperature was 35.9 (C at 30 minutes, 35.26 (C at 60 minutes, and 34.44 (C at 120 minutes (Table 2). Given this poor performance, one must wonder about its utility given the advanced technologies available today.

3.3.2
Blizzard Blanket


This product performed well by itself, even matching the performance of the Bair Hugger® as well as the Ready Heat(  over the first hour. Mean core temperature was 36.48 (C at 30 minutes, 36.10 (C at 60 minutes, and 35.6 (C at 120 minutes (Fig 7, Table 2). The Blizzard( blanket maintained temperature better than the wool blanket as early as 15 min after the start of the experiment and maintained statistically higher temperatures for the remaining time (Fig 7, Table 2). In addition, at the end of the study, the core temperature maintained by the Blizzard( Blanket was not significantly different from that maintained by the active warming devices, new or original Ready Heat( or the new HPMK™.  

3.3.3
Blanket, Combat Casualty, Type II (Space Blanket)


This blanket was placed over the fluid model and tucked in both sides for each test.  Mean core temperature was 36.34 (C at 30 minutes, falling to 35.12 (C at 120 minutes (Fig 7, Table 2). The Space Blanket also outperformed the wool blanket from 30 min until the end of the experiment (Fig 7, Table 2).  

3.3.4
Human Remains Pouch (HRP)


The HRP was wrapped over the fluid model in the manner it has been used to prevent hypothermia. The mean core temperature was 36.14 (C at 30 minutes and fell to 34.56 (C at 120 minutes (Fig 7, Table 2). The HRP did not maintain core temperatures significantly better than controls or the wool blanket in this study.   


3.3.5
Hot Pocket (Combination of Two Wool Blankets, One Space Blanket, Inside Human Remains Pouch)


Our model was placed in the above listed configuration with wool blankets closest to the fluid bags, then space blanket, then HRP. The mean core temperature was 36.66 (C at 30 minutes, 36.42 (C at 60 minutes, and 35.94 (C at 120 minutes (Fig 7, Table 2). The Hot Pocket was very effective and maintained core temperatures better than controls, the wool blanket, or HRP as early as 15 min after the start of the experiment and maintained this advantage for the remaining time (Fig 7, Table 2). Also, at the end of the experiment, the Hot Pocket maintained core temperature of the fluid model as well as all active warming devices except for the original HPMK™.  

3.3.6
Heat Reflective Shell (HRS()


This blanket was the passive warming component in the newer version of the HPMK( we evaluated. Mean core temperature was 36.46 (C at 30 minutes, 36.02 (C at 60 minutes, and 35.16 (C at 120 minutes (Fig 7, Table 2). The HRS( maintained temperature better than the wool blanket from 15 to 120 min of the experimental period (Fig 7, Table 2). As we compared the original to the new HPMK(, we also evaluated any differences between its passive components. There were no statistically significant differences between the Blizzard( and the HRS( (Fig 8).  
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Figure 8: Temperature maintenance in the Blizzard blanket versus the Heat Reflective Shell in the original and the new HPMKs, respectively, over the 2-hr period. Although there was some divergence of the temperature maintenance curve at 60 min between the two products, 
the rate of heat loss from the model was not significantly different in the two groups. 
Data represent the mean + SD of five determinations for each product.

3.4
Surface Temperature Evaluation


Surface temperatures were evaluated in products with an actively heated element (HPMK(, Ready Heat™, Bair Hugger® 505). Our interest was specifically in temperatures known to be dangerous to human skin through prolonged exposure. Maximum mean surface temperatures achieved for the original HPMK( system was 41.68 (C at 90 minutes. Maximum mean surface temperature achieved for the original Ready Heat™ blanket alone was 40.24 (C at 5 minutes. Maximum mean surface temperature achieved for the Bair Hugger® 505 was 35.56 (C at 5 minutes. 

4.0
Discussion 


At the point of injury, combat casualties or trauma patients suffering from acute blood loss are physiologically more susceptible to hypothermia, even in the hot desert environments our forces find themselves in during the current conflict [3, 10, 19]. Providers at the point of injury must actively prevent hypothermia or keep it from worsening in acutely traumatized patients [21].  


Vital signs become misleading, and injuries may be masked by hypothermia [2]. Pulse oximetry is not accurate in the face of hypothermia due to decreased perfusion in peripheral limbs [2]. Many traumatic mechanisms will impair thermoregulation in patients at the point of injury such as spinal cord injury, trauma to the central nervous system, burns, multisystem trauma, and shock [2, 10]. 

Iatrogenic factors such as exposure of body surfaces for inspection of wounds; lack of body movement for thermogeneration; and radiant, conductive, and convective heat loss mechanisms make this subset of patients, once injured, particularly susceptible to the induction or worsening of hypothermia and worsening shock [3, 10, 15, 24-26].  

Massive volume resuscitation with room temperature crystalloid fluids further exacerbates this hypothermia and induces hemodilution, which further affects coagulation [4, 10]. Blood loss with massive traumatic injury, coupled with shock, and acidosis from traumatic wounds, hypoxia, and physiologic derangement may both initiate and/or potentiate hypothermia. Space blankets, which are in common supply across the battlefield and in prehospital civilian settings, have been shown to reduce heat loss by only 30% [1].       


In the present study, all products tested prevented the full 3°C drop we predetermined to be clinically significant based on the literature. Even the poorest performer (wool blanket) ended at a mean temperature of 34.44 °C at 120 minutes. Some products, however, maintained higher temperatures. The question of product efficacy, then, hinges on individual casualty circumstances. If a patient is injured in a wilderness setting, such as an engagement in the mountains of Afghanistan during the winter months and a first responder cannot make it to the casualty in a timely manner, the patient is susceptible to developing hypothermia over the course of the combat action. If this patient’s starting temperature at the beginning of resuscitation is at 33.5 °C, then only 0.5 °C becomes vitally important, since the current data portends for poor outcomes below 33 °C. So in this case, a device that allows for little heat loss would be critical, and use of a device such as the wool blanket would be inadequate.

The original HPMK( maintained the highest temperatures compared to all other methods (p<0.05) with the narrowest margin of heat loss, while the newer HPMK( achieved similar temperatures, until 120 min compared to the original HPMK( we evaluated. In addition, comparisons between the Ready Heat( blankets in the original and new HPMK( systems, as well as comparisons between the Blizzard( and the HRS( blankets, indicated that they performed similarly to each other in maintaining temperature over the 2-hour experimental period. Since the completion of our study, a new water-resistant shell was introduced into the HPMK( which may offer better performance than the HRS( we evaluated when used with the Ready Heat( blanket as part of the HPMK™. Preliminary data indicate that the RH( blanket will not generate heat well if it becomes wet before activating (data not shown). Thus, a new water-resistant shell should improve the overall performance of the HPMK™, but it should be noted that this new shell or the newest system was not evaluated in the current study.

For up to 1 hour, the rate of temperature loss between the original and the new outer blanket appeared identical. After 1 hour, there was some divergence suggesting that the Blizzard( blanket may perform slightly better; but results were not statistically significant. One problem commonly noted with the Blizzard( is that once the casualty or trauma patient is wrapped in it, you must open the blanket completely to re-examine the patient, reinforce dressings, or provide treatments. Also there are no access points to run intravenous lines, or tubes outside of the device. It took an average of 3 minutes to open the Blizzard( blanket completely and to set it up for the fluid model under our experimental conditions. Despite its drawbacks, it was one of the top-performing products in our testing. The reflective skull cap provided with the original HPMK( system was not evaluated as a part of testing in our fluid model but is designed to prevent heat loss in the trauma patient from that area.  

There were no significant differences in the rate of loss of core temperature between the Ready Heat blankets in the original and new HPMK( evaluated. However, the new Ready Heat( did not perform exactly like the original. Preparation time for the heating element to begin its chemical reaction is required with the Ready Heat(. This time needs to be considered when using these devices on patients in the field. The Ready Heat( uses a metalloid exothermic reaction as the source of heat generation; and as a result, if particles are not agitated prior to placement and/or as particles become static, the heat generation properties are affected.  Thus, in training of first responders, recommending agitating the blanket periodically during the pre-warming period to maximize mixing of the components for even heat generation would be beneficial. The individual unit’s standard operating procedures and immediate action drills should include this time for preparing and agitating the heating element for this system at the first notification or realization of significant trauma-related casualties who will need to be evacuated for further care. For testing purposes, 30 minutes was chosen as the time for maximal heat generation in the current study.

Regarding surface temperature among all the devices evaluated, none of them achieved the threshold temperatures considered to cause thermal injury [26].  Several anecdotal reports of thermal burns from the original HPMK( have circulated. It is possible that compression of these devices might increase heat transfer, and some anecdotal reports related to thermal injury with the original HPMK( refer to objects directly on the heating element which may have increased pressure over the patient’s skin. Further study is needed to determine whether environmental or patient factors are responsible, seems warranted. 

4.1
Limitations


Because this fluid model did not consist of a biological organism and had no basal metabolic activity, extrapolation to efficacy in humans may be limited. This study looked at a very narrow focus of parameters with reference to surface heat and reduced rate of heat loss as measures of performance, and any data derived which are known to harm humans (e.g., absolute surface temperatures which would cause injury to tissue) were noted. Despite these limitations, the fluid model was effective in detecting drops in temperature among the different devices. Therefore, we believe our model would be useful to screen potential new products or combinations claimed to prevent hypothermia. Since we only studied these products at one environmental temperature, it is also unknown whether cooler ambient room temperatures would have produced different results. In the passive group, almost any single coverage device can be used by Soldiers or first responders in the field, but we purposely limited our evaluation to devices available within the medical supply system that are purpose built for casualties.


5.0
Conclusions


From this testing, we cannot definitively conclude that all active methods are better than passive methods, nor can we rank their performance as originally intended. Given the poor performance of the wool blanket when used alone over the course of this study, one must wonder about its utility given the advanced technologies available today. Traditional single coverage passive products like the wool blanket and the space blanket may be adequate for 30 minutes; but if evacuation times exceed 30 minutes, the HPMK(, Ready Heat(, or Bair Hugger 505® may be a better choice. The observations that chemically heated devices performed as well or better than the Bair Hugger® that requires electrical power, and that some passive prevention products (Blizzard™, Hot Pocket) performed as well as the Bair Hugger® system and the Ready Heat™, is useful information for first responders who may need to keep casualties warm in the field or during evacuation; situations where power is unavailable. Also, we did not detect surface temperatures produced by the active warming devices that would indicate they would burn human skin. 

The original HPMK( maintained the highest temperatures to the starting 37 °C compared to the other methods tested in preventing heat loss from this fluid model. This exact product is no longer available. However, the newer HPMK( performed similarly to the original, and the slight difference may be an issue only in evacuation times exceeding several hours. However, a further refinement in the HPMK( has been made to improve the product, which should continue to make it a valuable option for reducing heat loss. 


Trauma patients undergoing longer evacuation and transport should have an active warming method (HPMK(, Bair Hugger®, Ready Heat™), a Blizzard™ blanket, or the Hot Pocket applied for thermoregulation. The data suggested that traditional single-coverage devices such as space blanket and wool blanket would be inadequate for preventing significant heat loss over long periods, but these methods may still be effective for very short evacuation times.
  


This study should be repeated in a biological model to validate these results. Additional investigation is also needed to determine whether devices with an actively heated component cause thermal burns in patients. Taken together, this study will serve as a guide to providers for selecting a hypothermia prevention system. Although the study was designed for evaluating products available in the US Army supply system, the results should be applicable to all first responders, whether military or civilian, who are concerned with preventing further heat loss in trauma patients.
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Abstract


The severe open limbs traumas are very frequent in modern wars. The conditions of local management of the casualties are most of the time very “rustic” and associated with extra difficulties: Mass cal context, surgical tools and competences limited, soldiers badly injured....A classic management is most of the time impossible to realise. The authors proposed to use a new philosophy of first management of these lesions: “The Orthopaedic Damage Control”. After a short presentation of the concept they give their own experience of this kind of management in civilian practice and discuss the possibility to extend it to war surgery in role 1 and role 2.  


1.0
Introduction


The “body armor” and other tactical vest realise a relative protection  of the torso  neck and groin for the modern soldiers. The upper and lower limbs are unprotected by this kind of devices and the majority of the injured soldiers in Iraq and Afghanistan get severe limbs traumas. The management of this kind of injuries is time consuming and material dependent. A quick surgical initial procedure is most of the time required and necessary. The “Orthopaedic Damage Control” ODC defined the basic concept of this philosophy.  


2.0
Material and Method


2.1
Definition of “Orthopaedic Damage Control”


The Damage Control is a civilian naval procedure used in case of impending naval danger. In case of risk of shipwreck the captain ask to the crew to participate to the “damage control”. Also all the people on the ship stop what they were doing and try to save the boat. The philosophy explains why this term has been chosen to indicate a new kind of surgical management for the most serious cases. The first use of the concept of Damage Control in surgery was invented in visceral surgery [1] to indicate a special kind of management for the most severe abdominal and thoracic injuries in civilian practice to avoid surgical lethal complications by a shortened surgical management. Haemostasis, thoracic drainage and abdominal fluid controlled is the initial treatment in order not to have any coagulation problem. The final and complete definitive surgical procedure is realised secondarily after resuscitation. Some years after this concept has been extended to the orthopaedic surgery [2,3]. In case of severe upper or lower limbs injuries necessitating a long surgical management impossible to realise for many reasons (Brain injury [4,5] without brain pressure monitoring, Mass cal, Intensive Care or Orthopaedic or Surgical devices and surrounding imperious).       

2.2
Technique

The philosophy of the ODC is to realise an approximate reduction, a fast immobilisation by an external fixation device to avoid fat embolism, allow an optimal nursing and medical evacuation without any secondary functional consequences [3].          

2.2.1
Indications: The Different Imperious

Intensive Care Imperious: 


Associated unstable thoraco-abdominal injuries, unstable brain injuries, multiple orthopaedic injuries.


Orthopaedic Imperious:


Multiple open shaft fractures with blood loss, complex epiphysal fractures requiring a long difficult surgical bloody procedure, unforeseeable subsequent cutaneous associated lesion development.  


Orthopaedic Devices imperious: 


Very special surgical orthopaedic material not immediately available.


Surrounding imperious: 


Loneliness surgical activity, Disaster context, Mass cal.


2.2.2    Surgical Tools: External Fixation Device [6]

The surgical tools must be simple stiff enough to maintain the reduction with pins adaptable to most of the different external fixation pins used all over the world   in order to allow the second surgical procedure after MEDEVAC without the necessity to remove the initial pins. The monolateral external fixation device offers all these characteristics. Because it is stiff enough single use radiolucent amagnetic cheap simple very adaptable and realised with the NATO STANAG external fixation device we use Mono-lateral External Fixation Device : Percy fx® from Depuy Company ( Johnson & Johnson). This is the official external fixation device of French Military Health Service. The use of external fixation must be limited when the use of simple “open caste” cannot be proposed : severe limbs injuries with comminuted unstable fractures, open fractures with soft tissue damage, articular severe fracture, simple multiple shaft unstable closed fracture [6,7].  


2.2.3    Technical Management

After an approximate reduction, the facture can be secured by the Percy fx ® with few pins on each side, to bridge the fracture. The articulations are bridged without remorse. Area of implantation of pins can be “non classic”   in order to immobilize the faster as possible. For example a shaft femoral fracture can be immobilized by a trans-quadricipital external fixation device for some days and secondarily removed for intra-medullary nailing [7,8,9]. The number of pins must be fewest as possible but the setting must be stiff enough to avoid extra-mobility and allow MEDEVAC with casualty comfort.


3.0
Series 


Between 2003 and 2009 four patients have been managed with an ODC procedure in the Teaching Naval Hospital St Anne in Toulon after civilian traumatic injury. They were all males. The mean age was 23 years old (16yo to 34). They were all traffic accidents with motorcycles in context of high velocity injuries. The reasons which justify the choice of ODC procedure are reported in table N° 1. The first surgical procedure was realized in emergency the reduction was maintained by Percy fx®. The mean duration between primitive and final procedure was 6 days (3 to 10 days). The location of injuries was electively the lower limb and the femur 3 times.

Table 1: Presentation of the series.


		          CASES

		Sex

Age

		Initial injury Checking

		Reason of Damage Control Procedure



		Patient 1

		♂ 17

		MA/ Brain Trauma, wrists articular F, Femur shaft F, ankle F

		Extra-dural haematoma without possibility of monitoring



		Patient 2

		♂ 25

		MA/ Left leg open F Gustillo level IIIa [4] 

		Skin unforeseeable damage



		Patient 3

		♂ 34

		MA/ Left lower limb articular communited F with floating knee Gustillo level II

		Specific Material non avaluable in emergency. Skin unforeseeable damage



		Patient 4

		♂ 16

		MA/ Femur Shaft F with soft tissue damage on the surgical approached for nailing.  

		Skin damage on the trochanteric approached for nailing





MA: Motorcycle Accident, F: Fracture

4.0
Results

All the bone injuries healed without any bone mal-union. Full weight baring  was allowed 3 months after surgery. Three cases healed with infection but without story of pseudarthrosis. After surgical identification of the microbes an adjust antibiotherapy was performed during 3 months with good results. It was not necessary to realize a third surgical procedure for infection. All the results are reported into the Table N°2. 

Table 2: Final results.

		 CASES

		INITIAL TREATMENT AND DURATION OF SURGICAL PROCEDURE

		FINAL TREATMENT

		DELAY

		FINAL EVOLUTION



		Patient 1

		Femur MLEF wrist and ankle cast. 60 mn

		ORIF 

		3 days

		Bone healing without infection and mal union



		Patient 2

		Leg MLEF and soft tissue debridement. 35mn

		Intra-Medullar Nailing

		6 days

		Bone healing with infection 



		Patient 3

		MLEF bridging the knee. Debridement 45mn

		ORIF and retrograde Nailing

		10 days

		Bone healing with infection and stiffness



		Patient 4

		MLEF and soft tissue debridement 35mn 

		ORIF

		5 days

		Bone healing with infection





MLEF: Mono Lateral External Fixation, ORIF: Open reduction Internal Fixation.            

5.0
Discussion

Limbs injuries are very frequent during war time and become the majority of casualties. The generalisation of the explosive devices set of in crowded area increases  the number of casualties. The context of mass cal is frequent in these conditions. So the surgical capability of role 1 and role 2 hospitals can be quickly overwhelmed. The philosophy of “surgical damage control” has been created by visceral surgeons for the treatment of the most severe torso injuries in order to decrease the morbidity of a traditional surgical management [1]. The goal is not to treat every visceral and vascular injuries but to close the “blood tape” and realize in emergency a urine and digestive fluid derivation. For orthopaedic surgery the goal is to treat the maximum of casualties in the minimum of time without creating extra-surgical damage for a future complete rehabilitation [2,3]. The context of mass cal with a majority of limbs traumas in surgical rustic conditions makes the damage control a real interesting surgical tool. 


Our short series is interesting for many reasons. First the time of initial bone reduction, soft tissue debridement and fracture fixation is really short, second the definitive surgical treatment was possible in every cases without any trouble except infection. Last but not least the bone and soft tissue healing was obtained in every cases. 75% of cases healed with infection. Isn’t it a complication of external fixation? [10] It is possible but the three cases with infection were developed after open fracture in context of high velocity injuries. Bird and coll insisted on the relationship between the violence of trauma and the risk of infection. Many publications insist on the high frequency of bone infection after external fixation in relation of usual local pins infection [10,11]. So it is impossible in this short series to identify the real cause of infection. Last but not least, the supervision of initial soft tissue unforeseeable damage was easy and flap covering was not necessary secondarily.  


Nevertheless, the external fixation device is for us a real necessary tool. Indeed, if a plaster immobilisation is a good waiting solution for a wrist or an ankle closed fracture it is not stiff enough for legs or femur and doesn’t allow the soft tissue injuries management and supervision. The mono-lateral external fixation is simple in accordance of the rustic condition of war time surgery. More, the whole treatment can be realised with this device until bone healing and the soft tissue injury management can be easily done. The Percy fx ® is made of Carbone and plastic so the set is very light. It is possible to transport many sets by plane. The pins of this device had been created to be adaptable to every type of mono-lateral external fixation device sale all over the world. This characteristic allows the complete change of the device except the pins in role 3 hospital after MEDEVAC if necessary and appears as a real advantage in context of multinational military oversees deployment. The pins are designed to be inserted directly with a surgical drill into the bone without early perforation, so the duration of insertion is much shortened.


Is  ODC an interesting tool in war surgery? War surgery in role 1 must be fast and secure. The goal of the initial management of the limb injuries is: Vascular lesions control, soft tissue damage exploration and debridement, bone reduction and fixation. The anatomic reduction is not initially mandatory. The challenge is to save the life of the casualty and set him in the best conditions for medical evacuation. All these constraints can be complicated to achieve in case of mass cal. The ODC allows vascular injury management and soft tissue debridement at the same time a shortened bone fixation. So the philosophies of ODC and war surgery are supplementary. We can consider that the ODC is a interesting tool in war surgery especially in case of Mass Cal. 


6.0
Conclusion

The increasing frequency of mangled extremity in war surgery during the modern conflict appears as a difficult challenge for orthopaedic and traumas surgeons deployed in role 1 facility. The context of Mass Cal adds an extra difficulty for the initial treatment of the casualties. The ODC offers to the surgical team the opportunity to manage very fast the maximum of wounded soldiers in order to allow their MEDEVAC with the best conditions without to darken the final functional prognosis. For these reasons we thing that the “Orthopaedic Damage Control” can be consider as a real interesting tool in war time.
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Figure 1: Initial X Ray of patient 1.
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 Figure 2: External fixation of the femur patient 1.

The Percy fx® was positioned throw the quadriceps in order to reduce time of reduction and insertion also to put the pins  in a soft tissue trajectory far away from the lateral surgical approached for ORIF. The reduction is far from perfect but the device was stiff enough to prevent extra-mobility and decrease the risk of fat embolism.
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Figure 3: Final X Ray  patient 1.

X Ray just after plating 5 days after injury frontal and lateral view and after bone healing. The surgical approached was realized by a lateral one in order to be far away from potentially initial pins trajectories. 
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abstract

Oxygen is a huge logistical burden for the military in the deployed (field) medical environment. A single patient using only 3 litters of oxygen per minute will use the contents of a 150 pound oxygen cylinder each day. The oxygen cylinder is 145 pounds of steel and just 5 pounds of oxygen.  It has been shown that 17% of combat casualties will require oxygen.  This means that a 100 bed field hospital could theoretically need 2500 pounds of oxygen cylinders per day. 


Recognizing the enormous impact oxygen has on its logistical tail, the U.S. Army started a developmental project in 1985 to develop the capability to generate oxygen at the point of use. Since 2001 the U.S. Army, in partnership with several vendors from industry, has been heavily involved in the development of POC gaseous oxygen systems.  


1.0
History of Oxygen Use


The oxygen of planet earth was forged billions of years ago in the heart of an exploding star. The concentration of oxygen in the atmosphere has varied from 0% to 35% to the current 21%. It was discovered by Carl Wilhelm Scheele in 1773 and Joseph Priestly 1774. Priestly is commonly credited with the discovery because he was the first to publish his research. In 1895 Carl von Linde made large scale liquid oxygen production economical, beginning the widespread use of oxygen.


The use of oxygen by the U.S. Army can be traced to WWII where it was delivered to cyanotic patients at the rate of 4 to 5 litres per minute. Typically 4 to 5 patients were supplied from a single cylinder. Oxygen was generally administered in cycles; 100% for 12 hours with the flow reduced to 60% for 12 hours and then the flow was returned to 100%. The logistics of supplying oxygen must have been tremendously difficult. At 4 litres per minute each patient would use a 150 pound (70 kg) oxygen cylinder per day. Each cylinder only held 5 pounds of oxygen. I have not been able to find logistical details of supplying oxygen however; the use of medical oxygen was, no doubt, small compared to the requirements for aviator’s breathing oxygen. All of the aviators in Europe flew long missions where they were using oxygen at high altitudes. The availability of oxygen for medical supplies was probably the result of the oxygen being produced for aviators. 


The next major advance was during the Vietnam War. That advance was the local production of liquid oxygen for use by aviators. Since the mid 1950s military aircraft were using liquid oxygen to save weight and volume.  The availability of liquid oxygen at air bases greatly reduced the logistical burden of supplying oxygen. 


The arrival of the “Fourth Generation” jet fighter in the 1980s dramatically reduced the need for liquid oxygen. These aircraft used on-board oxygen generation systems. These systems used engine bleed air to feed a zeolite pressure swing adsorption molecular sieve to separate the nitrogen from the oxygen. This meant that there would be a decreasing need for liquid oxygen by the Air Force; therefore the Army needed a source of medical oxygen.


2.0
Oxygen Generation technologies

In 1983, the U.S. Army began to investigate the generation of oxygen at the field hospital where it was required. The technologies that were investigated were in several broad categories:


2.1
Cryogenic Separation

Air is liquefied, and then fractionally distilled, separating the air into its constituents -- primarily nitrogen, oxygen and argon. This is a complex process that is the most common and efficient method of large scale oxygen production. It is also the most efficient method of storing oxygen. Liquid oxygen or LOX storage is six to eight times more efficient than high pressure cylinders. The complexities and cool down requirements highly favor continuously operating production plants; this is not usually the mode of operation for field medical facilities. Liquid oxygen can be stored, but there is a loss rate that is dependent on the size of the container, the amount of LOX in the container, and the ambient temperature. LOX cannot be stored for long term use. It is a simple matter to safely fill high pressure oxygen cylinders using LOX.


A contract was awarded in 1989 to procure a portable liquid oxygen plant. This was to be a commercial off the shelf system. A system built by Pacific Consolidated Industries was selected. This system was already being used by the Air Force to provide LOX for their expeditionary requirements. 

The LOX system was sent to Saudi Arabia at the outbreak of the Gulf War. With a great effort, the system was set up at a field hospital and was able to produce oxygen. The vast majority of the oxygen used was either imported from the U.S or Europe or filled from local sources.
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Figure 1: Typical oxygen liquefaction plant (courtesy of Linde Cryoplants Ltd.).

2.2
Molecular Sieves

Molecular sieves use containers of a granular aluminosilicate material called zeolite. When zeolite is exposed to pressurized air, nitrogen is absorbed into the structure of the material leaving the oxygen in the empty space. More air is introduced, sweeping the oxygen ahead of it. The pressure is reduced in the container, releasing the nitrogen from the zeolite and the process is started over. This process produces oxygen that is from 90% to 96% pure; the remaining gas is argon. This process requires at least 5 times as much air as product oxygen being produced under ideal conditions. Practical systems require at least 9 times as much feed air as oxygen is produced. This process is known as pressure swing adsorption (PSA). PSA is a mechanically simple process that is widely used to separate a variety of gasses; it is also the process used to produce oxygen in home oxygen concentrators that are used for long term oxygen therapy.


Because this process occurs at modest temperatures and pressures, it begins to produce oxygen rapidly and is relatively simple to operate and maintain. The PSA process is sensitive to moisture. The zeolite will turn into mud if it is exposed to water. A guard bed of silica gel is used to protect the bed from moisture. A variation of the process ends the cycle using a vacuum phase. With the vacuum assist the total change of pressure is the same as the PSA process, but the maximum pressure is lower. Not only does the vacuum assist process save energy, the air pressure is below the dew point of the moisture in the air, thus avoiding the moisture problem.
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Figure 2: Typical PSA cycle (courtesy PCI).

A decision was made to develop PSA systems sized to supply oxygen for field hospital use. Two systems producing 120 litres per minute would provide the oxygen for a 160-bed hospital and be able to refill oxygen cylinders for portable and back-up use. This was named FMODGS for Field Medical Oxygen Generation and Distribution System.


Three contracts were awarded to develop systems meeting the requirements for 120 litres per minute of 93% oxygen, 8 hours of back-up oxygen, the capability to refill oxygen cylinders, and the ability to operate in desert temperatures of 50 degrees Celsius. 


The PSA systems were tested and the system built by Guild Associates was selected for full development. The oxygen generation system was developed and tested for performance in a wide variety of conditions. By 1995 it was ready for operational testing. 


During operational testing there was a high pressure oxygen fire. The fire started in a solenoid valve manifold when the system was filling oxygen cylinders. The fire consumed approximately 2 pounds of aluminium in less than 30 seconds. An exhaustive analysis was performed by NASA’s oxygen compatibility specialists from the White Sands Test Facility in New Mexico. The conclusion was that rust particles from the oxygen cylinders hit solenoid valve parts and ignited the aluminium valve manifold.


An oxygen hazard analysis was performed and the system was redesigned to eliminate sources of ignition and the aluminium that was fuel for fire.


The redesigned system was tested and the test was perfect with no machine faults or any other problems in a full month of testing. The fire so damaged the program that even though a decision was made approving it for full scale production, no systems were ever procured.


PSA systems are used for small oxygen concentrators that are used in the home healthcare setting an for both portable and large scale military oxygen concentrators.


The first of the large oxygen concentrators used by the U.S. Army was built by PCI. The first plant was a 120 litre per minute system deployed to Afghanistan in late 2001. 


2.3
Electrochemical Oxygen Generation

Oxygen can be produced electrochemically. Simple electrolysis of water produces oxygen at the anode and hydrogen at the cathode. This method is used to produce breathing oxygen onboard nuclear submarines. The other electrochemical method uses a hot ceramic membrane that transports oxide ions or a floropolymer proton exchange membrane. These methods are essentially fuel cell processes being run in reverse. The challenge of this process is the same as those of fuel cells. The environment in electrochemical oxygen generators is extremely aggressive; the ceramic membrane operates at 700 degrees Celsius and the proton exchange membrane is sensitive to common contaminates such as calcium. 


There are programs by the Army and Air Force for the development of ceramic oxygen generators.  The contractor for the Army has been IGR Enterprises of Cleveland Ohio.


There are several major problems with ceramic membranes. It has very low tensile strength. This property makes it subject to catastrophic brittle failure just as familiar ceramic items such as flower pots or dinner plates. An additional challenge is the very hostile environment. The oxygen generation cells are in an intense electrochemical environment that exists to move ions, nearly the definition of corrosion. The high temperatures magnify the differences it thermal expansion resulting in large physical stresses.


3.0
Currently fielded equipment
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Figure 3: Oxygen cylinders for a field hospital, this is what we want to eliminate.


3.1
Large Oxygen Generators

Oxygen is currently supplied to combat support hospitals using the EDOCS 120 litre per minute oxygen concentrators build by Pacific Consolidated Industries of Riverside, California. These concentrators use a vacuum assisted pressure swing adsorption concentration cycle using a single sieve bed. Included in these systems is a high pressure compressor that is used to refill oxygen cylinders. It uses a scroll compressor to drive oxygen to the patient ward, operating room, and emergency department, or where ever oxygen is needed. These systems weigh 2800 pounds, are 8 ft long and 4 ft square in cross section.  Two of these oxygen concentrators are used for 160-bed hospitals. 


The cylinder refilling capability is used to fill oxygen cylinders used for patient transport and to keep the high pressure back up supply full. The backup supply is able to supply oxygen to the hospital for several hours, in the event of a loss of electrical power or an oxygen generator failure.


3.2
Portable Oxygen Concentrators


Forward surgical teams use oxygen concentrators that supply 5 litres per minute. These oxygen concentrators are used to supply low pressure oxygen to electrically driven ventilators. The clinicians use high pressure oxygen cylinders when patients are being transported. 


Oxygen concentrators are used in the ambulance version of the Mine Resistant Ambush Protected (MRAP) vehicles. These are modified home healthcare oxygen concentrators made by SeQual in San Diego California.  An Eclipse model was the basic device. The modifications included software changes to increase the maximum operating temperature and strengthened battery connectors. These concentrators can operate for 45 minutes on their internal batteries, supplying 93% oxygen at a rate of 3 litres per minute continuously or the equivalent of 6 litres per minute in a breath triggered, pulse mode. These oxygen concentrators are used in place of cylinders to eliminate the hazard of compressed oxygen in these vehicles. An additional benefit is that an oxygen concentrator will not run out of oxygen.
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		Figure 4a: MRAP vehicle under test.

		Figure 4b: Oxygen concentrator in an MWRAP.





To date nearly 2000 oxygen concentrators have been installed in MRAP ambulances.


4.0
Military oxygen generator design considerations

Oxygen generators designed for the military have design considerations that are very different from civilian equipment. They operate in a much more difficult environment. They are exposed to extremes of temperature, humidity, shock, vibration, altitude and electro-magnetic interference. Additionally weight, size and power consumption must be minimized. 


4.1
Temperature

Military equipment has to be able to function at temperatures up to 130 degrees F. Operation at high temperatures is difficult for PSA equipment because of the increase of the density altitude and the loss of efficiency of the adsorption process with increasing temperature. FMOGDS used a built in refrigeration system to maintain the cycle efficiency and to remove the heat generated during the cylinder filling process. The use of simple thermal controls, such as a sun shade is a significant help in improving the performance of systems such as EDOCS.


4.2
Dust


Dust and dirt are a major problem; equipment gets highly abrasive dust into every part of machinery. Maintenance is extremely difficult oxygen systems must be kept very clean to prevent fires. The desert environment is unimaginably dusty. The laws on the use of fluorocarbons have taken what was a useful tool for cleaning items undergoing maintenance; there has been no effective substitute.
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Figure 5: A sand storm rolling toward a field hospital in Iraq.

4.3
Humidity


Humidity is a problem for the PSA process because the zeolite material is sensitive to moisture. As the air for the zeolite beds is compressed, moisture in the air reaches the dew point and begins to turn to liquid water. If the zeolite is exposed to water it will turn to mud. There are two approaches to controlling moisture. A guard bed of silica gel traps the moisture and releases it when the adsorption bed is purged. Guard beds work effectively, but take up space in the bed that would be otherwise used by zeolite. Vacuum assisted PSA systems use a different approach that avoids the problem. The PSA process uses an increase in pressure to drive nitrogen into the zeolite and a pressure drop to release it. The process typically is from atmospheric pressure up to 30 psig the vacuum assisted process operates from a vacuum up to 15 psig. The pressure does not become high enough to cause condensation. An added benefit is the lack of condensation which can freeze in cold weather.


4.4
Electromagnetic Compatibility

The electromagnetic environment can be difficult. The equipment must not interfere with other electronic systems and be resistant to very powerful electromagnetic interference. An example of this would be a portable oxygen concentrator used on a helicopter. It must not interfere with the helicopter’s electronic control systems or the aircraft radios. It must also work when the patient is carried in front of an aircraft with its radar on; this electromagnetic field can reach 200 volts per meter. The U.S. Army tests medical equipment for airworthiness and certifies it as safe to fly. This testing is conducted at Ft. Rucker in Alabama. 


4.5
Regulatory Requirements


All U.S. Army medical equipment must also be cleared by the U.S. Food and Drug Administration before it can be used on patients. In addition there are requirements for CE mark, FAA, and even the U.N. which regulates lithium batteries on passenger aircraft. 

4.6
What Size of Oxygen Concentrator?


The standard size of a U.S. Army field hospital is 84 beds. It is estimated that 17% of these patients will need oxygen at an average of 3 litres per minute. These 14 patients will use 42 litres per minute. This flow rate will use a 150- pound “H” cylinder per day per patient. This oxygen requirement would weigh a total of 2100 pounds, not including the oxygen used in the operating rooms, emergency departments, and small oxygen cylinders used for patient transport. This is the daily need of oxygen cylinders. This is almost exactly the weight of a large oxygen generator such as Pacific Consolidated Industries’ EDOCS which produces 120 litres per minute, which is nearly 3 times the oxygen required. This investment in weight and volume is a onetime investment that never runs out of oxygen. An alternative is a 3 litre per minute portable oxygen concentrators that weigh about 20 pounds sold for the home health care market. There are currently several manufacturers that make this size of oxygen concentrator. To meet the 120 litre per minute flow it would take 40 units which would weigh only 800 pounds. These devices are limited to low pressure and cannot refill cylinders.

5.0
Current U.S. Army oxygen generator development programs

5.1
Rotary Valve Pressure Swing Oxygen Generator (RVPSAOG)

A point of use portable oxygen concentrator that uses a vacuum assisted PSA process is being developed that is the size of a “D” cylinder. Using 5 small zeolite beds, it minimizes the amount of zeolite used by cycling the beds rapidly. Rapidly cycling the beds also increases the process efficiency, improving both the amount of oxygen recovered and minimizing the feed air needed. The feed air, purge air, and oxygen flow through the bed is controlled by a continuously rotating valve at each end of the bed assembly.
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		Figure 6: SeQual Omni II oxygen Concentrator next to a "D" cylinder.

		Figure 7: Zeolite sieve bed assembly.





This oxygen concentrator was designed to be the same size and weight as a 360 litre “D” size high pressure oxygen cylinder. It is intended that it be used in the same way as a compressed gas cylinder. The oxygen concentrator produces 3 litres per minute it can also operate in a pulse conserved mode that is equivalent to a 6 litre per minute continuous flow rate. It can operate from the power mains, 120/240 volts, 12 or 24 volt DC, or its battery. Each battery will power the device for 1 hour at a 3 litre per minute flow rate; 2 batteries each weighing 2 pounds is the equivalent of a 14 pound oxygen cylinder. The battery is recharged when an external power source is used. One hour is needed to recharge the battery. If a greater flow rate is needed multiple units will work in parallel.


5.2
Ceramic Oxygen Generator

The ceramic oxygen generator is a portable oxygen generator that uses a ceramic solid electrolyte between two porous electrodes to produce oxygen. To make the oxide ions mobile, the ceramic is heated to approximately 700 degrees Celsius. Ceramic oxygen generators produce high purity oxygen and are impervious to chemical or biological warfare materials. They are also able to produce oxygen at above their rated design points by increasing the operating temperature and the electrical power. Because of the large amount of thermal energy present, good thermal management is crucial. The ceramic oxygen generator must be insulated from its environment to keep the cell temperature up without using large amounts of electrical heater power. It is also critical to use very high efficiency heat exchangers to recover the heat from the depleted exhaust air and from the oxygen. By recovering the heat energy, electrical power consumption can be approximately the same as other oxygen concentrators.
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Figure 8: Ceramic oxygen generator.


The challenges for the development of a ceramic oxygen generator are many. The high operating temperature and powerful electrical field can cause the materials to do very “creative” chemistry with materials attacking one another and other materials migrating from their intended place and causing troublesome short circuits. As the ceramic heats and cools the forces of expansion and contractions are enormous, this will cause cracking unless the materials are matched for their coefficient of thermal expansion. This program uses a ceramic membrane supported by a nickel superalloy matrix, making the oxygen generator cells much less prone to cracking. The solid electrolyte is still an electrolyte and is very corrosive to metals at its operating temperature so the metal must be very corrosion resistant. These alloys are typically found in jet engines. This device can be operated form A.C. mains, vehicle power, or by battery. Once the correct materials, processing cycles and thermal designs have been developed, the ceramic oxygen concentrator is very reliable because there are no complex moving parts.

5.3
Turbo Compressor

The Pressure Swing Adsorption process requires pressurized air as a feedstock for the process. One of the difficult design problems is generating the air pressure and possibly the vacuum required in some systems. There have been various designs used to do this, these have included: piston pumps, lobed blowers (similar to super chargers used on engines), scroll pumps, and rotary vane pumps. The turbo compressor is a design that trades the size and weight of the low speed compressors for a very high speed centrifugal compressor. These designs are similar to the design of an automotive turbo supercharger, and are attractive because of their small size and light weight. The very high speeds that are required make the design of the electric motor complex. The reliability of bearings and seals are an engineering challenge. The turbo compressor and motor weigh less than 40 pounds, the equivalent blower and motor weigh nearly 200 pounds.

5.4
Oxygen Conservation

Part of the effort to reduce weight and volume has to go into oxygen conservation. This might mean pulse conservation schemes, the use of soda lime carbon dioxide scrubbers, the monitoring of patient oxygenation levels using pulse oximetery, and reducing the oxygen flow to meet the patient’s needs. 


The establishment of how much oxygen a patient actually needs is an area that needs to be studied. In the civilian hospital setting, oxygen is not very expensive. When it is used in a military field hospital and must be made or brought in, it is very expensive.

Oxygen delivered to a patient at a constant flow rate wastes at least half the oxygen being delivered. Oxygen can be conserved by releasing oxygen at the beginning of the patient’s inhalation. This means that oxygen is going deep into the patients lungs and that the airway is filled with just room air. The patient is actually oxygenated to a higher level because the oxygen is delivered in a large bolus as opposed to delivering it throughout the breath cycle, including exhalation.


It is also possible to deliver oxygen in doses to patients on ventilators. This requires sensing the initial rise in pressure in the mechanical breathing cycle and rapidly delivering oxygen to the patient’s oxygen system near the patient end of the ventilator tubing. 


By conserving oxygen the patient can actually get a higher percentage of inspired oxygen. The logistical benefit is that oxygen doesn’t have to be transported, stored or manufactured. Using conserving techniques extends the battery duration of portable oxygen concentrators.


These conserving techniques requires sensitive pressure sensors to detect the changes in the pressure in the oxygen tubing as the patients breath begins or the ventilator starts it’s cycle. There is also a need for safety measures in the software to detect missed breaths and revert to full flow and sound an alarm.

5.4.1
Closed Circuit Systems

Scrubbing the CO2 from the patients breath and re-breathing the oxygen has not been used as much as it should.  One pound of absorbent will double the life of a 14 pound “D” cylinder or double the life of a battery. It may be possible to use a ceramic oxygen generator or a molecular sieve oxygen concentrator as the CO2 scrubber and use the depleted air as the feed gas dramatically increasing the generation efficiency.  With molecular sieve oxygen concentrators at least 5% of the circulating gas is argon, which is not removed. The build-up of argon requires that at least 1 litre per minute is added to the circuit to prevent the concentration of argon.

5.5
Oxygen Storage

Oxygen concentrators perform better if they run at a near constant flow rate. Sizing oxygen generators for the maximum flow requirements results in equipment that is cycling on and off, this is very hard on the equipment. 


Sizing the oxygen concentrator for the average flow rate and storing oxygen for use is a much more efficient tactic. Machines that are running constantly operate much more efficiently and have fewer failures. Oxygen concentrators sized for the average flow rate must be able to store oxygen during times of low demand for use during high demand periods. 


Oxygen cylinders, are a typical storage device, they require a high pressure compressor and a supply of empty cylinders. Large steel oxygen cylinders weigh 150 pounds and store only 5 pounds of oxygen.  To reduce the weight carbon fibre is being used as a reinforcing overwrap on thin brass liner cylinders. The commercial practice is to use a thin aluminium liner with a carbon fibre or fibre glass overwrap. The aluminium liner can contribute to a fire if the cylinder is hit by a bullet; the brass liner is non flammable.  


Liquid oxygen is about six times more efficient to store than high pressure gaseous oxygen. It does have the disadvantage that it is always boiling to vapor. Classic liquefaction techniques are very complex, maintenance intensive and are best operated continuously. An acoustic cryocoolers is being investigated to liquefy oxygen using sound waves. This design is very compact and is transparent to the user and rapidly begins producing LOX. This concept is in its early stages of development.  


6.0
Research and Development opportunities

6.1
Oxygen Generation

There may be novel processes or process improvements that increase the separation efficiency, oxygen purity, reduce the energy required to separate oxygen from air or reduce the size and weight of oxygen concentration equipment.

6.2
Oxygen Conservation 

Oxygen conservation reduces the size of the oxygen concentrator the patient needs, it also reduces the power needed to make oxygen and extends the battery life for portable devices. Improvements are needed to sense patient breathing and oxygen delivery sequencing.

6.3
Batteries 


Batteries are an area of research that portable oxygen concentrators will benefit from. The primary source of this research will be from the laptop computer and the electric automobile industries.

6.4
Oxygen Use Guidelines

The biggest unanswered question is how much oxygen does a patient need? The standard medical model delivers large quantities of oxygen to the patient, because it is essentially free, in the military environment oxygen is very expensive. Oxygen beyond the patients needs is a waste of resources. 

7.0
Conclusion

The U.S. Army has made a large investment in oxygen generation on the battlefield. This is because of the very large logistical cost of importing oxygen. Oxygen is expensive and dangerous to transport, and is being consumed constantly -- always seeming to run out at the worst time. By generating oxygen near the point of use, the supply of oxygen will not be interrupted. A single days worth of oxygen cylinders weighs as much as the equivalent oxygen generator, the difference is that the oxygen concentrator only has to be shipped once, the oxygen has to be shipped every day. It is much better to make oxygen than it is to take oxygen with you.
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Abstract

Damage control resuscitation is the resuscitation of the massively hemorrhaging patient to restore physiology and optimize hemostasis with the overall goal of increasing patient survival. Damage control resuscitation is most often used with damage control surgery. In addition to the transfusion of blood components to optimize hemostasis, the concept of “permissive” hypotension is used to decrease the bleeding from uncontrolled bleeding points, the patient is warmed to avoid the coagulopathic effects of hypothermia, and severe acidosis is treated in an attempt to avoid coagulopathic and physiologic deterioration. The future of damage control resuscitation will most likely involve the refinement and customization of blood components for the individual patient and application of the principles of damage control resuscitation in the prehospital arena.

1.0
Damage ConTROL RESUSCITATION


Damage control resuscitation is the method of, substances used, and amount of intravenous infusion used in conjunction with damage control surgery to optimize survival with the goal of “directly addressing the early coagulopathy of trauma” [1]. To understand damage control resuscitation fully, one must appreciate and understand the epidemiology of combat wounding, prehospital combat resuscitation, and damage control surgery — especially as practiced by military personnel in the combat zone.

1.1
Combat Demographics


From a retrospective analysis, the majority of “potentially survivable” injuries resulting in death on the battlefield and after reaching a surgical facility are due to hemorrhage [2-4]. In combat, hemorrhage is the cause in 83% to 87% of all such “potentially survivable” deaths. Of these deaths, approximately 50% are due to noncompressible hemorrhage from penetrating truncal injury [3-4]. 

1.2
Prehospital Resuscitation on the Battlefield


Noncompressible injuries prehospital are currently managed by giving crystalloid or synthetic colloids intravenously after the onset of class III shock (cardiogenic) and by getting the casualty to a surgical facility as fast as possible. Combat medics are taught the principles of tactical combat casualty care (TCCC) for use on the battlefield [5]. Current guidelines (February 2009) specify the use of pulse character and mental status (in the absence of traumatic brain injury) to evaluate for shock and then to administer 500 cc of Hextend® intravenously if the casualty is in shock. This dosage is to be repeated as needed once in 30 minutes if the patient is still in shock as determined by the pulse character and mental status. Continued efforts to resuscitate must be weighed against logistical and tactical considerations and the risk of incurring further casualties. To minimize the effect of Hextend® and crystalloids on coagulopathy and blood pressure, we limit Hextend® to a total of 1 liter and recommend “hypotensive resuscitation.”

After reaching a deployed surgical facility, the patient with penetrating truncal trauma undergoes an exploratory laparotomy or a thoracotomy or both to stop the hemorrhage. The surgical technique used with massive hemorrhage has been described as damage control surgery.

2.0
DAMAGE CONTROL SURGERY

Damage control surgery is based on a U.S. Navy term and process used to describe “the capacity of a ship to absorb damage and maintain mission integrity [6].” When a U.S. Navy ship or submarine has taken hostile fire, the sailors–at all costs and all urgency–immediately put out all fires and stop any flooding. The surgical analogy is to stop all hemorrhaging and gastrointestinal soilage as fast as possible.

The need for speed in severely injured trauma patients is to avoid the trauma “lethal triad.” The lethal triad comprises the vicious cycle of hypothermia, acidosis, and coagulopathy [7]. The acidosis is from hypovolemic shock and inadequate tissue perfusion [8]. Hypothermia is from exsanguinations and loss of intrinsic thermoregulation [9-10]. Coagulopathy is from hypothermia, acidosis, consumption of clotting factors and platelets, and blood loss [11-13].  Recent evidence points to activated protein C as playing a significant role in the “acute coagulopathy” of trauma [14]. Coagulopathy, in turn, causes more hemorrhage and thus more acidosis and hypothermia; so the vicious cycle continues (see figure 1). In full fruition, the vicious cycle of the lethal triad is almost uniformly fatal. 
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Figure 1: The “Vicious Cycle” of the “Lethal Triad”.

In 1993, in a landmark paper, Rotondo et al. reported the successful use of an abbreviated operation in trauma patients to avoid the lethal triad, coined “damage control,” with a mortality of 50% [15]. Many trauma centers have reported similarly successful results, and a damage control approach to the severely injured trauma patient is now commonplace and considered the standard of care [16-22].

While originally reported as an approach to severe abdominal trauma, the damage control process has evolved to cover all anatomic regions, including thoracic, neurologic, and extremity, especially in patients with injuries to multiple systems of the body [23-30].

3.0
DAMAGE CONTROL SURGERY IN THE CIVILIAN SETTING


Damage control by civilian surgeons is now well established as the standard of care for severely injured patients in the United States. The paradigm for damage control of injuries in civilians is based on a “damage control trilogy” [31-32]. This trilogy comprises abbreviated operation, resuscitation in the intensive care unit, and return to the operating room for the definitive operation.

The goals of the “abbreviated operation” are primarily to stop all surgical hemorrhage and secondarily to stop all gastrointestinal succus soilage in the shortest duration possible. The patient is then brought to the intensive care unit to receive packed red blood cells, fresh frozen plasma), and platelets as needed using the tenets of damage control resuscitation limiting crystalloid fluids [33-74] The patient is rewarmed, and full laboratory analysis is undertaken with the basic goal of bringing the patient’s physiology and temperature back to normal [35]. Each patient undergoing these operative procedures and care in the intensive care unit requires significant resources, both in personnel and logistics.

When the patient is hemodynamically near normal and stable with lab values, ventilator status, and body temperature in proximity to the previously noted goals, the patient is then returned to the operating for the “definitive operation.” This second operative procedure most often occurs 24 to 36 hours after the initial operation. The definitive operation would include bowel anastomoses or colostomy maturation, definitive vascular repair where an interposition vascular shunt had been previously placed, removal of hemostatic packing, and closure of abdominal fascia where feasible. The patient is then brought back to the intensive care unit, where postoperative care progresses toward the ultimate goal of discharge to the patient’s home or to a rehabilitation center. 


The documented mortality for the damage control approach to patients requiring a damage control laparotomy is approximately 50% with a documented morbidity of approximately 40% [36].

4.0
DAMAGE CONTROL SURGERY IN THE U.S. MILITARY

Damage control of combat injuries involves up to 10 stages to allow for battlefield evacuation, surgical operations, and resuscitations [37]. Figure 2 is the basic outline for the multiple necessary stages in combat damage control. 
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Figure 2: Surgery stages for damage control in the combat zone.


5.0
DAMAGE CONTROL RESUSCITATION

Damage control resuscitation is the resuscitation of the hemorrhaging patient, usually before and during damage control surgery. While most think of damage control resuscitation as the transfusion of blood components, it is actually an overall approach to treat the condition of severe hemorrhage and ameliorate the concomitant deleterious effects on physiology. In addition to the transfusion of blood components, the concept of “permissive” hypotension is used to decrease the bleeding from uncontrolled bleeding points, warming the patient to avoid the coagulopathic effects of hypothermia, and the treatment of severe acidosis [38].


The ratio of blood components that approaches the ratio found in whole blood is a ratio of fresh frozen plasma: packed red cells: platelets in a numeric ratio of 1:1:1 and would be a logical place to start when replacing the blood lost after trauma. Retrospective analysis of data from combat and civilian trauma patients who received a massive transfusion (>10 units of blood in 24 hours) indicates a survival benefit for patients receiving a high ratio of plasma (clotting factors) and platelets [39-45]. When determining the optimal clinical blood component ratio, one must keep in mind that from documented observations one will get a lower ratio than that which is targeted [46].


The clinical guidelines for resuscitation of combat-wounded patients in deployed U.S surgical facilities in hemorrhagic shock requiring a massive transfusion recommend the infusion of fresh frozen plasma: packed red blood cells: platelets in a 1:1:1 ratio and the minimization of crystalloids and synthetic colloids [47].

Because of the unique austere challenges of logistics for deployed surgical facilities, blood components in sufficient supply to allow for the high ratios are at times not available. In this situation, the U.S. Military uses the transfusion of fresh whole blood. Retrospective reviews of outcomes in combat-wounded patients have revealed that the use of fresh whole blood is associated with improved survival [48]. Guidelines for the use of whole blood in damage control resuscitation also include the use of fresh whole blood transfusion at the discretion of the attending physician in patients with coagulopathy refractory to component therapy.

For severe acidosis, tromethamine; tris-hydroxymethyl aminomethane (THAM) is infused for a pH < 7.2 in accordance with the guidelines for damage control resuscitation. Current clinical practice guidelines for damage control resuscitation in the severely coagulopathic combat-wounded also include the use of recombinant factor VIIa at the discretion and judgment of the attending physician.

6.0
THE FUTURE OF DAMAGE CONTROL RESUSCITATION

Future advances in damage control resuscitation will most likely involve two major areas: customizing it to the individual patient with unique injury patterns and pushing it to the “left” onto the battlefield [49]. Now that we have defined the principles of damage control resuscitation, the time has come to start to “refine” it. Instead of blindly transfusing blood components in a fixed, empiric ratio, can we define the specific needs of the rapidly hemorrhaging patient and target blood components that are actually deficient in the intravascular space? Thromboelastography may offer the best option in the near term for defining the needs for transfusion and targeting blood components [50].


Thromboelastography has been shown to help guide transfusion of blood components during cardiac surgery and to decrease the overall postoperative transfusion requirements in this patient population [51]. Thromboelastography and rapid thromboelastography have been documented to be faster than conventional lab values and have documented improvement of coagulation with component therapy. Randomized trials to document any benefit, however, are lacking in the trauma population [52-53]. The future refinements of damage control resuscitation will most likely need prospective, randomized trials based on algorithms guided by thromboelastography.

Bringing the principles of damage control resuscitation as far forward onto the battlefield is also a logical goal in the near term. All studies of prehospital crystalloid in trauma patients have revealed no benefit or harm [54, 55].


Damage control resuscitation in robust surgical facilities, using blood products and minimizing synthetic colloids and crystalloids coupled with permissive hypotension and thermoregulation will be the goals of far-forward resuscitation. Packed red blood cells by themselves dilute the other components, including clotting factors and platelets; and young healthy trauma patients can tolerate relatively low hemoglobin levels [56-58]. Platelets have a fragile existence, and the challenge of the deleterious effects of hypothermia and acidosis in severe shock may limit the utility of early infusion in the prehospital arena [59]. Plasma represents a colloid fluid for intravascular volume replacement, which also provides clotting factors to potentially ameliorate coagulopathy [60-62].  Plasma is also an excellent buffer, with 25-50 times the acid buffering capacity of crystalloids [63].  Dried plasma, as infused on the battlefield in World War II, offers the best opportunity for evacuation platforms and possible battlefield infusion during prolonged evacuation situations in the near term [64, 65].

7.0
CONCLUSION

Damage control resuscitation is the transfusion of blood components in conjunction with methods to treat acidosis and keep the patient warm and relatively hypotensive to complement damage control surgery. The future of damage control resuscitation involves further refining it and customizing transfusion practices toward the individual patient. Bringing damage control resuscitation to the prehospital phase of trauma care will offer the opportunity to further advance the care of the patient who suffers trauma and hemorrhage on the battlefield or in the civilian environment.
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abstract 


Modern warfare causes severe injuries, and despite rapid transportation to theatre regional trauma centres, casualties frequently arrive coagulopathic and in shock. Conventional resuscitation beginning with crystalloid fluids to treat shock causes further dilutional coagulopathy and increased hemorrhagic loss of platelets and coagulation factors. It is a recommendation of the transfusion medicine council (TMC) of the federal armed forces of Germany that the administration of rFVIIa combined with hypotensive resuscitation can increase survival time of combat casualties. The TMC further encourages the use of fibrinogen for combat casualties with massive haemorrhage and also the transfusion of fresh whole blood (FWB) for trauma induced coagulopathy as well.


1.0
Introduction


In the current conflict in Afghanistan and Kosovo soldiers with severe injuries caused by high-velocity weapons and explosive devices presented in significant numbers to military hospitals. As a result, military physicians are seeing combat casualties who require massive transfusion at four to five times the frequency seen in civilian practice. Haemorrhage  is the most frequent cause of potentially preventable deaths in the field hospitals. Potentially preventable hemorrhagic deaths occur when patients arrive at field hospitals with potentially surgically correctable injuries but bleed to death before control of bleeding is achieved or is effective. Such combat casualties need better haemostatic and circulatory support to keep them alive and to stop their bleeding. In this paper the author represents the recommendations of the TMC of the Federal Armed Forces of Germany concerning haemorrhage control.


2.0
Use of Recombinant factor vii a In the deployed military setting


2.1 
Factor VIIa (Novo Seven)


Factor VIIa occurs naturally in the body and combines with exposed Tissue Factor in the wall of injured blood vessels and possibly on platelets to activate the clotting cascade. Factor VIIa is also involved in the activation of clotting factors on the surface of platelets (1). Recombinant Factor VIIa (rFVIIa) is a manufactured version of Factor VIIa for intravenous administration (2). rFVIIa is licensed for treatment of bleeding episodes in patients with haemophilia A or B and patients with deficiencies of certain clotting factors (inhibitors of Factors VIII and IX, congenital factor VII deficiency) (3). It is also approved for prevention of bleeding in surgical interventions or invasive procedures in these patients (4). Use of rFVIIa in trauma is currently an “off label” use.


2.2 Human Evidence for rFVIIa in Trauma

rFVII was first used in an Israeli trauma patient in 1999 (5) and there are multiple additional anecdotal reports and some limited case series (6). A five year retrospective cohort study at a Canadian Level 1 trauma centre has concluded that rFVIIa may improve early survival of massively bleeding trauma patients, although surgical control of haemorrhage remains the principal therapeutic aim (7).


The joint Australian and New Zealand Haemostatis Registry represents a large series of rFVIIa use in trauma outside a randomized controlled trial (108 trauma cases) (8). rFVIIa was found to be effective in controlling haemorrhage in 59% of cases. 


US military experience of rFVIIa has been extensive and includes multiple combat casualties with  blunt, blast, burn and penetrating trauma, injured by Improvised Explosive Devices (IED) attacks (9).

A recently published article (10) represents the results of two parallel randomized, placebo-controlled double blind clinical trials in thirty –two hospitals including Germany. Among 301 patients randomized, 143 blunt trauma patients and 134 penetrating trauma patients werde eligible for analysis. rFVIIa resulted in a significant reduction in RBC transfusions in severe blunt trauma and similar trends were observed in penetrating trauma. Questions regarding minimal effective dose, number and frequency of doses and the indicated patient population creates a field ripe for further exploration.


2.3 Current Recommendation of the Federal Armed Forces Transfusion Medicine Council (TMC)


· rFVIIa is currently authorized for consultant use only in life-threatening haemorrhage where conventional resuscitation and/or surgical techniques have failed. 


· rFVIIa should be considered if there is evidence of continued bleeding after 6-8 units of packed red blood cells and correction of coagulopathy with cryoprecipitated plasma failed


· rFVIIa 100mcg/kg IV Bolus (with a second bolus of 100mcg/kg after 60min if required) is advocated as an adjunct in controlling haemorrhage following blunt and penetrating trauma


Contraindications to rFVIIa use as an adjunct to traumatic haemorrhage are:


· Combat Casualty is expected to be unsalvageable despite rFVIIa


3.0
Use of Fibrinogen In the deployed military setting


3.1
Fibrinogen (Haemocomplettan)


As the precursor of clot formation, fibrinogen plays an important role in coagulation function. Fibrinogen deficiency is associated with uncontrolled bleeding and compromised survival (11). Thus regulation of fibrinogen availability is critical to survival in combat casualties. As an acute phase protein, fibrinogen is synthesized in the liver and released into the circulation. It is catabolized through normal protein degradation, the coagulation process, and other unknown pathways. In acute injured trauma patients, fibrinogen levels were observed to be the first coagulation proteins and factors to drop to pathophysiological levels (12). Haemorrhage, hypothermia and acidosis results in a deficit in fibrinogen availability (13-15).


3.2
Human Evidence for Fibrinogen in Trauma

Fibrinogen deficiency develops earlier than deficiency of any other clotting factor during resuscitation with packed red blood cells (16) and the concentrations of clotting factors in Cryoplasma is relatively low. Consequently the use of fibrinogen may be the way forward, especially if sufficient amounts of plasma are not available within a reasonable time.  A number of experts in the field suggests that the use of fibrinogen may be the next major advance in the treatment of acquired coagulopathy associated with trauma and that the use of fibrinogen may allow compensation for thrombocytopenia in the injured casualty (17).  Interesting parallels have been drawn from patients with normally higher fibrinogen levels who suffer less blood loss during surgical interventions than those patients with lower fibrinogen levels (18).  


3.3
Current Recommendation of the Federal Armed Forces Transfusion Medicine Council (TMC)       


· Fibrinogen is currently authorized for consultant use only in life-threatening haemorrhage where conventional resuscitation and/or surgical techniques have failed. 


· Fibrinogen should be considered if there is evidence of continued bleeding after 6-8 units of packed red blood cells and correction of coagulopathy with cryoprecipitate plasma failed.

· 1-2 g IV bolus  Fibrinogen (Haemocomplettan) should be administered initially and cumulated amounts of 4-8 g IV bolus  if required.

4.0
Use of Fresh whole blood (FWB) In the deployed military setting


4.1
Fresh Whole Blood


Fresh whole blood (FWB) transfusion for traumatic haemorrhage and coagulopathy is not recommended in civilian German hospitals. Compared with blood components that can be processed, tested, freeze-dried, packaged, stored, shipped and reconstituted, FWB was considered to be logistically impractical, wasteful and unsafe. However as military physicians we should be aware of the benefits of whole blood. Military surgical teams in the past history utilize FWB by relying on a “walking blood bank” of soldier donors when blood requirements outspace supplies and when coagulopathic combat casualties require blood products unavailable at their current echelon of care – two conditions that often coincide. 


4.2
Human Evidence for Fresh Whole Blood


During the first Gulf War, FWB was used to treat several coagulopathic combat casualties when platelet supplies run short (19). It became the major blood product used in Somalia when the supply of tested packed red blood cells was exhausted (20) and it was used to treat profoundly coagulopathic casualties in Bosnia and Kosovo, accounting for 12% and 13% respectively of all blood cells used (21). More recently, FWB was used in 13% of all transfused combat casualties in Operation Iraqi Freedom (OIF)(22). Current U.S. Army clinical practice guidelines state that FWB is appropriate for combat related casualties if there is life-threatening injury and if any blood component (RBC´s, plasma, platelets) is indicated for treatment and not available, or if transfusion of available blood components in a 1:1:1 ratio with adequate surgical control does not effectively reduce life-threatening bleeding (23). 


4.3
Current Recommendation of the Federal Armed Forces Transfusion Medicine Council (TMC)       


· FWB transfusions in military trauma fills avoid left by the unpredictable nature of combat casualty care and military logistics


· FWB is a convenient, safe and effective treatment for many patients who otherwise might die


· FWB transfusion is a ultima ratio procedure


· FWB is indicated for treatment if any blood component, which is indicated for treatment (RBC´s, Plasma, Platelets) are not available


· A predeployment roster of pre-screened donors ABO and Rh should be provided


· Onsite ABO typing should be performed


· Direct cross match should be performed if possible


5.0 Conclusion


There is clear evidence that a significant proportion of severely injured casualties are coagulopathic on admission to hospital and that there is a need to proactively treat the condition. The most relevant supporting evidence needs to be derived from observation on combat casualties and hopefully  sufficient data will soon be available to assess the full benefits of damage control resuscitation in the relevant population of critically injured casualties. It is unrealistic to expect a prospective randomised clinical trial in these circumstances and further specific questions may need to be addressed in animal models. FWB transfusions in a combat theatre should be a part of an integrated approach to preventing and interrupting the vicious cycle of traumatic coagulopathy. Novel haemostatic agents, the prevention and treatment of hypothermia, and effective resuscitation with awareness of the potential of rebleeding with overly aggressive fluid resuscitation should augment the administration of rFVIIa, Fibrinogen and FWB.  
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Abstract

Introduction

Hemorrhage accounts for nearly 50% of death on the battlefield and the majority of these fatalities occur before the wounded Soldier reaches a surgical facility.  The natural ability of blood to clot rapidly and seal the bleeding sites is inadequate to control a more severe hemorrhage and is often diminished after traumatic injuries. Therefore, the use of blood clotting drugs/devices is essential to stop the severe hemorrhage and prevent death of patients. The identification of new technologies to stop severe hemorrhage is a major topic for this symposium.

Rationale

Identification, development and evaluation of new hemostatic products and technologies capable of stopping life threatening hemorrhage relevant to battlefield injury, have been one of the main focuses of the Combat Casualty Care Research program in the US Army. Currently, none of the presently available FDA approved hemostatic agents meet all the criteria of an ideal hemostatic agent for combat use. Thus, efforts continue to test new hemostatic agents in development to identify those that are safe and more effective for treating military casualties.

Methods and Results

Swine models of severe hemorrhage caused by femoral and carotid arterial injury under intact coagulation status and coagulopathic conditions have been utilized to evaluate the safety and efficacy of Combat Gauze.  Combat Gauze (kaolin-coated gauze) was recently distributed by US forces as the main hemostatic product for treating external hemorrhage in the far-forward combat zone. Efficacy studies have indicated that Combat Gauze stopped arterial bleeding in 80% of pigs (8 of 10), but it was not immediately effective and often required more than one application. It was also much less effective under coagulopathic conditions. Thus, several newer products are being developed to address these deficiencies. These include chitosan- and fibrinogen-based dressings, as well as new technologies for delivery of hemostatic products to deep penetrating bleeding wounds that may be inaccessible to topical dressings. In addition, pressure point hemostatic devices are being developed to be used in conjunction with hemostatic dressings, to treat bleeding in junctional areas such as the groin and axilla, where tourniquets cannot be applied.


Conclusions

Combat Gauze has been recognized as a safe and significantly more effective hemostatic dressing against major arterial hemorrhages than previously deployed products. However, the product has limitations. Several new products are being developed to deliver a more effective solution to treat significant bleeding on the battlefield.


Key Words: Hemostasis, bleeding, Combat Gauze, chitosan, animal models.

1.0
Introduction

Acute hemorrhage accounts for about 50% of battlefield deaths in conventional warfare, and for 30% of casualties who die from wounds [1-4]. The majority of these fatalities occur before the wounded Soldiers can reach a hospital. For example, it was suggested up to one third of the deaths from exsanguination during the Vietnam War could have been prevented by the use of effective field hemorrhage control methods [4-6]. 

The majority of hemorrhagic deaths on the battlefield are due to intracavitary hemorrhage, which generally is not readily accessible and cannot be controlled with externally applied hemostatic agents [7-9]. Recent emphasis on the use of body armor protection, however, has reduced the number of casualties in this category. As a result, extremities remain the most common site of injury in military conflicts [10,11]. Extremity hemorrhage accounted for nearly 10% of all deaths in Vietnam [12]. A recent epidemiology study of 6,609 combat wounds in Operation Iraqi Freedom (OIF) and Operation Enduring Freedom (OEF) showed that extremities were the most common sites of injury among 1,566 casualties (54%), the majority of which was amendable to tourniquet application [13]. According to the Wound Data and Munitions Effectiveness Team (WDMET) database, exsanguination from extremity wounds accounts for more than half of all potentially preventable deaths in combat [14]. Also, a recent evaluation of autopsy data from nearly 1000 casualties from OEF, OIF revealed that hemorrhage accounted for 85% of potentially survivable deaths, with 31% and 69% of these deaths representing compressible and non-compressible wounds, respectively [15]. Thus, a major tenet of the US Army’s Combat Casualty Care Research Program is that a significant increase in survival may be achieved by the prehospital use of simple and effective methods of hemorrhage control, such as a hemostatic dressing, a tourniquet device or a combination of both [14]. 


It is clear that the natural ability of blood to clot rapidly and seal bleeding sites can be inadequate to control a more severe hemorrhage and this capability is often diminished after traumatic injuries and blood loss. Therefore, the use of hemostatic dressings or devices, as well as drugs to enhance blood clotting, is essential to stop severe hemorrhage and prevent death of injured Soldiers.


2.0
HEMOSTATIC DRESSING

Up until the onset of OEF and OIF, the Army Field Bandage (AFB) was the mainstay to control external bleeding. It is composed of a thick layer of absorbent cotton that is wrapped in layers of gauze and attached to two long straps for wrapping around the wound. It absorbs large volumes of blood and provides a matrix that promotes platelet aggregation and blood coagulation while exerting pressure on the wound. As planning for OEF and OIF developed, research efforts were accelerated to produce a more effective hemorrhage control products than the standard gauze dressing. Essentially, the new products that emerged for the treatment of external bleeding can be categorized into dressings or granular/powder products. Examples of such products are illustrated in Figs 1 and 2. Initially, four new hemostatic products were developed:  HemCon Chitosan dressing (HC), QuikClot granules (QC), Fibrin Sealant Dressing (FSD) and Rapid Deployment Hemostat (RDH) dressing. Three of these agents (HC, QC and FSD) were initially deployed to the battlefield and two (HC and QC) were widely distributed after receiving clearance from the US FDA and used by the US Armed Forces in the current conflicts. Each of these products differed in the mechanisms through which they induced hemostasis. Chitosan, deacetylated chitin, is a nontoxic and biodegradable substance derived from the shells of shrimp or other shellfish and has strong muco-adhesive properties suitable for hemostatic treatment. Thus, the primary mechanism of action of the original HemCon dressing, the newer Chitoflex dressing and other chitosan-based products such as Celox, appears to be tissue adherence and coverage of wounds. 
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Figure 1: New Hemostatic Dressings. 

A) Combat Gauze, B) Latest version of HemCon dressing, C) TraumaStat, D) Stasilon dressing. 

Note that TraumaStat is no longer available and of the remaining 3, only Combat Gauze was effective against severe arterial bleeding. See text for additional descriptions.
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Figure 2: New Granular/Powder Hemostatic Products. 


A) WoundStat, B) SuperQR; C) Celox. 


Note that of the 3, only Celox continues to be used as the others had significant safety issues (see text).


The RDH dressing is also a chitin-based product composed of poly-N-acetyl-glucosamine (p-GlcNAc) which is fully acetylated and lyophilized, but it is algae-derived. Its hemostatic action is not fully understood but red blood cell and platelet aggregation, activation of the clotting cascade, and local vasoconstriction have been suggested as possible mechanisms.


Chitosan was also the basis for hemostasis for a product called TraumaStat, which was a dressing of nonwoven porous polyethylene fibers (high surface area) filled with precipitated silica. These filled fibers were impregnated with a chitosan derivative. Although TraumaStat was reported to be more effective than HC dressing in stopping bleeding in a swine femoral artery transaction model [16], this product never made it to the commercial market and is no longer available. Non-chitosan dressings have also been developed. For example, Stasilon (Entegrion Co, Chapel Hill, North Carolina) is a dual-fiber dressing made of type E continuous filament glass and a specialty rayon material woven together as a special textile material. Although work in our laboratory did not find the dressing successful in stopping an arterial hemorrhage, the company is pursuing using this dressing for non life-threatening bleeding or for burn wound coverage. 


A relatively new hemostatic product, Celox (CX), was developed as a powder form of different types of chitosan. It was cleared by the US FDA in 2006 for the emergency treatment of bleeding from external wounds. Like other chitosan products it relies on binding to negatively charged surfaces such as red blood cells and adhering to tissue at the site of injury. Besides the dry powder, Celox is also packaged in small packets that dissolve upon contact with blood, releasing the Celox powder. Celox products have been deployed to the battlefield, but no data have been reported on its use.

In contrast to chitosan-based products and other dressing mentioned above, the original QC hemostatic agent was composed of zeolite granules which is an aluminosilicate.  When poured into a bleeding wound, it absorbs water, concentrating erythrocytes, platelets, and clotting factors in the wound, thereby promoting coagulation. However, the exothermic reaction produced has been recognized as a major safety concern and has been linked to significant thermal tissue damage in the wound in both animal experiments and combat casualties [17-18]. As a consequence, the original QC granules are no longer produced or sold by the manufacturer (Z-Medica, Wallingford, Connecticut). It was replaced by a newer QC product (QuikClot ACS+) which is composed of synthetic zeolite beads that are packaged in small porous cotton bags for easy application and removal from the wound. The new formulation does not produce excessive heat when mixed with blood and causes no thermal damage to the tissues [19]. Different still, is the Fibrin Sealant Dressing composed of fibrinogen and thrombin derived from human plasma. As the dressing comes in contact with blood, the protein layer dissolves and fibrinogen polymerization occurs forming an adhesive fibrin layer that conforms and attaches tightly to the wound, thereby stopping bleeding. Currently, newer versions of FSD are under development in the US and the Fibrin Patch (Ethicon, Johnson and Johnson, Somerville, NJ), is currently being tested in a clinical trial for surgical application.

3.0
EFFICACY AND SAFETY OF HEMOSTATIC DRESSINGS AND GRANULAR PRODUCTS

Over the past 10-15 yrs, a number of studies in experimental animals have evaluated the efficacy and acute safety of these hemostatic products.  At our institute the majority of studies have been performed in swine models designed to be potentially lethal (not treatable with gauze alone) to quantitate blood loss easily, maximize reproducibility and minimize any artificial bias that could favor a particular product. For the most part models have spanned from high volume bleeding under low venous pressure (grade V liver injury) to high volume bleeding under high arterial pressure (abdominal aorta or femoral artery injuries). To evaluate hemostatic products in a more combat relevant extremity wound, we have often used a mixed groin injury model (femoral artery injury in groin) that includes both soft tissue and vascular injuries. 


In an early study with the prototype HemCon bandage, our laboratory demonstrated efficacy to reduce bleeding in a swine grade V liver injury [20]. However in  studies with the final product, as well as newer HC dressings against high pressure arterial bleeding, they produced hemostasis only briefly (on average <1hr) in 71% of swine subjected to an aortotomy injury,[21] and it failed consistently to stop bleeding in a femoral artery injury model in swine [22]. In addition, investigators at our institute found the original RDH dressing ineffective in controlling severe venous (Grade V liver injury) and arterial bleeding (aortotomy study) in large animals [23,24]. However, a modified version of RDH (mRDH) was reported to be effective in similar models by another group,[25-27] but the mRDH did not stop bleeding in a mixed bleeding (arterial and venous) groin injury [28]. 


In a swine groin injury model with complete transection of the femoral artery and vein, CX was shown to be as effective as QC and HC in preventing rebleeding, and significantly better than standard gauze treatment [29]. In a more recent swine study comparing granular agents, CX was successful in stopping arterial hemorrhage and supported the survival of 60% of animals while HC and  QC (ACS+) were only effective in 10% of the cases [30].

Very little information is available on the use of hemostatic products in combat situations. A recent study reported [31] on 40 patients treated with the HemCon bandage. Although difficult to quantitate, the attending surgeon felt that the dressings applied to extremity wounds either stopped or greatly decreased the bleeding in the 95% of surviving patients. 


The original QC has been found to be effective against severe venous (Grade V Liver injury) and low pressure mixed bleedings (groin injury), reducing both blood loss and mortality rates in swine [28,32,33]. The reduction in blood loss, however, has not always been significant. Under high pressure arterial bleeding, QC was found to be ineffective in producing hemostasis or reducing blood loss [22]. As mentioned above, new formulations of QC with no heat generation (ACS+) have  not been found effective against arterial bleeding.

Recently, however, a new hemostatic product, Combat Gauze, produced by the company that makes QC (Z-Medica, Wallingford, CT), has become available for treating external wounds. It consists of rolled, non-woven medical gauze (50% polyester and 50% rayon) impregnated with a contact (intrinsic) pathway activating clotting agent, kaolin. The prototype of this dressing (X-Sponge) demonstrated encouraging efficacy in less severe hemorrhage models in swine [34]. Combat Gauze was also successful in our efficacy study in normal pigs against severe arterial bleeding, resulting in an 80% survival rate [35]. The efficacy and safety of this useful dressing was extensively studied at our institute in both femoral and carotid artery, as well as jugular vein injury models [35,36] with no issues reported.

In addition to the original QC, other aluminum phyllosilicate products have received FDA clearance for treating external bleeding. For example, WoundStat (WS), composed of smectite granules, is believed to stop bleeding by the granules absorbing water, swelling and forming a clay material with high plasticity that adheres to tissue and seals bleeding sites. In addition to water absorption, which concentrates clotting factors and blood cells, the granules have a negative electrostatic charge that activates the intrinsic pathway and accelerates the blood clotting process. WS was shown to have procoagulant activity in an in Vitro human blood clotting assay [37]. The superior efficacy of WS to stop arterial bleeding was demonstrated by us and others in groin arterial hemorrhage models in pigs [30,38]. This agent was 100% successful in stopping arterial hemorrhage and preventing exsanguination while neither HemCon or QuikClot ACS+ were effective against this bleeding [30]. Fig 3 illustrates survival profiles after treating with different hemostatic products in our swine femoral artery hemorrhage model. 
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Figure 3: Survival Time Analysis up to 3 hr following Hemostatic Product Application in 
Potentially Lethal Swine Groin Injury Model. WS, WoundStat; CG, Combat 
Gauze; CX, Celox chitosan powder; HC, HemCon dressing. 

However, histologic findings of residual WS granules in and around blood vessels, even after extensive washing, led to further evaluation of the safety of this agent. WS was found to induce significant endothelial toxicity, leading to intravascular thrombosis, thereby prohibiting its use in the wound with vascular injuries [36]. In addition, treatment of endothelial cells or macrophages with WS in vitro, led to 100% mortality at 24 hr. The significance of its toxicity, necrosis of the vessel and surrounding tissue, as well as thromboembolism in distal organs, has led to its withdrawal from use by the US military. Another powder product evaluated was SuperQR, made from an iron salt and hydrophilic polymer that when exposed to blood, rehydrates and forms an artificial scab that seals the injury. In our swine groin injury model, SuperQR prevented a lethal hemorrhage in 70% of the 10 animals tested, but it produced a significant exothermic reaction that precludes its continued use [30]. Currently, only the original QR powder is available over-the-counter for the treatment of minor surface injuries or nose bleeds.


To date, the fibrinogen-based dressings have been the most efficacious with an excellent long-term safety profile. Since they are absorbable, they may be used for treating internal bleeding, as well as external bleeding wounds. The hemostatic efficacy and acute safety of this dressing type has been shown in a number of large animal hemorrhage studies involving both non-survival and survival operations [39-47]. Recently, the efficacy and safety of the Fibrin Patch dressing was demonstrated with packing for treating a grade V liver injury in coagulopathic swine [48]. Most recently, a newer version of the FSD was found to be more efficacious than Combat Gauze or WoundStat in a coagulopathic swine groin arterial hemorrhage model [49].

4.0
TOURNIQUETS

No discussion of topical hemostatic devices would be complete without mention of tourniquets. As noted above, the extremities remain the most common site of injury in combat wounded, the majority of which were amendable to tourniquet application [13]. Although tourniquets have been used for injuries throughout history [50-52], their safe use has been hotly debated [53-54]. Based on a study performed at our institute evaluating 7 different tourniquet devices, the Combat Application Tourniquet (CAT) and Special Operations Forces Tactical Tourniquet (SOFTT) were selected as the most effective tourniquets in stopping arterial blood flow and easiest to apply and remove for far-forward use [55]. Fig 4 illustrates 3 recommended tourniquets by the US military. A recent study by Kragh et al. [56] comparing casualties who were treated with tourniquets versus those who were not, clearly demonstrated the life saving value of this simple device to control extremity hemorrhage. The device was more effective when applied before the onset of shock and the data also showed no limb was amputated due to tourniquet use, supporting the relative safety and continued use of this device in prehospital military and potentially in civilian environments. With regard to safety, the low number of nerve palsies observed either resolved after removal of the tourniquet or were resolving [56]. It is important to mention that the application of a tourniquet is not universally successful on upper or lower limbs. Tourniquets stopped bleeding in 93% to 100% of the upper extremities, but they were only successful in 71% to 75% of lower extremity bleedings [57]. This may relate to several factors, but also that in compressible areas such as the groin or axilla, a tourniquet cannot be placed properly to provide adequate pressure for controlling the bleeding. Thus, newer products under development have focused on focal pressure clamps to attempt to address this serious problem, believed to be responsible for 20% of potentially preventable deaths from hemorrhage [14]. It is presumed that such a device would have the best chance for success when applied in conjunction with a hemostatic dressing.
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Figure 4: Recommended Tourniquets by the US Army. 

A) Combat Application Tourniquet (CAT), B) Special Operations Tactical Tourniquet (SOFTT) and 

C) Emergency Military Tourniquet (EMT). 

5.0
CONCLUSION


Future combat scenarios where the troops will be more dispersed, imply that evacuation times of casualties may commonly exceed 24 hr. Even in urban environments, evacuation may be delayed significantly, as was learned in Somalia [58]. It has even been suggested that air evacuation time from battlefields of the future to a treatment facility could approach 96 hours. Taken together, the implication is that at a minimum, several hours may pass before any surgical intervention is possible to treat the injured Soldier and it is well established that mortality rates rise with increasing evacuation times [1,5]. Therefore, development of hemostatic dressings, newer tourniquets and hemostatic drugs and forward use of blood products will be the future direction to control bleeding and provide effective resuscitation on the battlefield. Of the various hemostatic products currently available to the US military, CAT tourniquets and Combat Gauze hemostatic dressings, provide the best protection. Combat Gauze can be applied to any type of external wound and can be removed easily prior to surgical intervention without leaving behind any significant residue. Although it is larger than most other hemostatic dressings (7.6 X 366 cm), it is insufficient to cover large soft tissue wounds often seen in combat. A larger version of Combat Gauze is becoming available to address this need. Still, the greatest unmet need for controlling bleeding on the battlefield, centers around non-compressible torso wounds [14]. Currently, prevention through the use of body armor is the only treatment. However, several hydrogel based products such as ClotFoam, BioFoam and chitosan-coated cellulose sponge plugs are under development for this purpose by direct injection into the wound site. Although beyond the scope of this article, it should be mentioned that major efforts are underway to employ more judicious use of blood products, such as plasma, platelets, recombinant activated factor VII and fibrinogen products as an intravenous treatment for non-compressible hemorrhage, recognizing their limitations in large vascular injuries not controlled by surgical intervention. Taken together, these limitations further emphasize the importance and urgent need for development of effective hemostatic dressings and agents to control both compressible and non compressible bleeding on the battlefield.
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ABSTRACT


Uncontrolled hemorrhage is the second leading cause of death to war fighters on the battlefield next to central nervous system injury. Hemorrhagic deaths are potentially preventable if bleeding can be controlled early, but hemorrhage control is complicated by trauma-induced coagulopathy characterized by loss of platelets and coagulation factors, dysfunctional platelets, and increased fibrinolysis. The specific dysfunction of platelets remains to be elucidated, but may be of greater importance than platelet number for clot integrity. In a previous study of the proinflammatory effects of supernates from stored RBC, we observed that platelets in blood incubated with supernates from stored RBC exhibited lower anti-CD41a-FITC fluorescence, which indicated decreased expression of GPIIb/IIIa on the platelet membrane.  Because activated GPIIb/IIIa binds fibrinogen and facilitates formation of platelet aggregates that are necessary to form stable platelet plugs during hemostasis, we designed this study to determine if supernates from RBC impaired platelet aggregation as a consequence of reduction in GPIIb/IIIa expression. Blood was collectedfrom healthy volunteers, prepared into non-leukoreduced (NLR) and leukoreduced (LR) packed RBC with AS-5 and stored at 1-6°C for six weeks.  Supernates obtained from samples collected from RBC units every two weeks were mixed with freshly collected ABO-compatible blood.  Platelets in each incubated blood sample were evaluated for GPIIb/IIIa expression by flow cytometry and for aggregation response to collagen by whole blood aggregometry.  We observed that supernates from stored RBC decreased GPIIb/IIIa expression and inhibited platelet aggregation proportionately.  Furthermore, both activities increased as a function of storage age, which was indicative of accumulation of the bioactive substance(s).  Supernates from LR RBC, however, did not alter either GPIIb/IIIa or aggregation.  We also showed that the inhibitor that accumulates during storage interacts directly with platelets rather than stimulates accessory cells to release an inhibitor.  Characterization studies indicated that the inhibitor is not lipid, but is hydrophilic, is resistant to protease, and is greater than 30 kD molecular weight. We discuss the potential impact transfusion of this inhibitor may have on controlling hemorrhage. 

1.0
INTRODUCTION

Massive transfusion, defined as greater than ten units of RBC transfused within a twenty-four hour period, is more common in military casualties than in civilian trauma.[1] Whereas, 1-3% of civilian trauma requires massive transfusion, 8% of casualties that occurred in the war in Iraq up to 2007 required massive transfusion and up to 16% of casualties in the Vietnam war were estimated to require massive transfusion.[1]  Transfusion of large numbers of units of RBC results from uncontrolled hemorrhage, which is a leading cause of death to war fighters on the battlefield.
 ADDIN EN.CITE 

[2-4]
  Potentially, these deaths are preventable if hemorrhage can be controlled early.
 ADDIN EN.CITE 

[1, 3, 5, 6]
 Trauma, however, induces a coagulopathic state characterized by loss of coagulation factors and platelets through bleeding and consumption, dysfunction of platelets and the coagulation system, and increased fibrinolysis.
 ADDIN EN.CITE 

[4, 7, 8]
  In addition, anticoagulant and preservative solutions in transfused blood products dilute factors and platelets to even lower concentrations.
 ADDIN EN.CITE 

[1, 4, 9]
  Hemorrhage control is difficult to achieve with these conditions.

In addition to the dilutional impact of transfused blood products, it is not known if transfused blood products exert a direct effect on platelet function. It is well documented, however, that the plasma fraction of RBC (supernate) accumulate bioactive substances during storage that exhibit proinflammatory activities in blood in vitro.  In earlier studies, we demonstrated that RBC stored in AS-5 solution accumulate substances that increase expression of Mac-1 on neutrophils (PMNs) and increase formation of PMN-platelet aggregates in fresh whole blood.[10]  In those experiments, we observed that platelets in blood incubated with supernates from stored RBC displayed decreased fluorescence from FITC-conjugated antibody to CD41a (GPIIb/IIIa), which suggested that expression of GPIIb/IIIa on the platelet membrane was reduced. Because of the critical role of GPIIb/IIIa in platelet aggregation, we asked if the observed decrease in CD41a-FITC fluorescence correlated with decreased platelet aggregation activity.  In this paper, we present results from two studies whereby the effects of supernates from stored RBC on platelet aggregation were determined and characterized.  The first study demonstrates that RBC supernates accumulate during storage a substance or substances that reduce expression of GPIIb/IIIa on platelet membranes and impair platelet aggregation in the presence of a physiological agonist. This study has recently been published online in Transfusion early view and figures 1-4 of this manuscript are reprinted from that article.[11]  In the second study we present results of our characterization of this inhibitor.


2.0
METHODS


2.1
Blood Collection and Processing


One blood collection was performed for each study.  Collection and preparation of blood into AS-5 RBC was the same for both collections except for the number of units collected and the leukocyte status.  The first protocol was described in detail previously.[10]  Briefly, 450 ml of blood was collected from each of nineteen type A and type O volunteer donors in the first collection and from each of five type A donors in the second collection into Teruflex Blood Bag Systems (Terumo Corporation, Tokyo, Japan) that contained CPD anticoagulant in the primary collection bag.  An institute review board approved the blood collection protocols before volunteers were recruited. All donors met AABB criteria for blood donation. In the first collection protocol, each donor was assigned randomly to either non-leukoreduced (NLR) or leukoreduced (LR) treatment arms, and LR-assigned units were passed through Leukotrap-SC RC Filtration Systems (Pall, East Hills, NY).  None of the RBC units obtained in the second collection were leukoreduced.  All units were then centrifuged at 4,100 x g, 4(C for 5 minutes without application of the brake.  Plasma was expressed from each unit and 100 ml of AS-5 was added from a satellite bag to the packed cells.  Sampling ports that consisted of 7 inches of sterile tubing connected to a sterile female Luer-Lok fitting were connected to each RBC unit using a sterile connecting device (SCD 312 Sterile Tubing Welder, Terumo Medical Corporation, Elkton, MD).  All units were stored at 1-6(C for 42 days.


Twenty-five milliliter aliquots of RBC were collected aseptically from each unit of both collections on days 0, 14, 28, and 42 of storage, and centrifuged twice at 2,000 x g for 10 min at 5(C to obtain supernates.  Supernates were stored as 0.5-1.5 ml volumes in sterile cryovials, and the vials were stored at -80(C.   For each experiment, aliquots were thawed quickly in a 37°C water bath just before use. 


2.2
Study I

2.2.1
GPIIb/IIIa Expression


Supernates were mixed with type-matched whole blood collected from three donors of each blood type. The final ratio of whole blood to supernate was 2:1.  For each experiment, blood was collected first into one red top Vacutainer tube (no anti-coagulent) and discarded followed by collection into 3.2% sodium citrate Vacutainer tubes. Within fifteen minutes of collection, 200 µl of type-matched blood was added to each tube that contained 100 μl of supernate and to two tubes that contained 100 μl of Tyrode’s buffer (one for each blood type) that acted as the negative control.  Positive control tubes contained 15 µl of thrombin (1 unit final concentration; Sigma-Aldrich, Saint Louis, MO), 30 µl of H-Gly-Pro-Arg-Pro-OH (GPRP; 2.5 mM final concentration; Calbiochem, San Diego, CA) and 255 µl of whole blood.  All tubes were incubated in a 37(C water bath for thirty minutes, and transferred to ice.

Then, 50 µl of each supernate/blood mixture and control mixtures was incubated with 15 (l anti-CD41a-FITC antibody (clone HIP-8, BD Pharmingen, San Jose, CA) in sterile 12 x 75 mm polypropylene tubes for 30 min on ice. After incubation, RBC were lysed and leukocytes and platelets were fixed by incubation with 1 ml of 1X FACSLYSE (BD Biosciences, San Jose, CA) for ten min at room temperature.  Cells were washed once with 450 µl of Tyrodes buffer after centrifugation at 2,000 x g for 5 minutes. After removal of the wash fluid, blood cells were analyzed on a BD Biosciences FACSort flow cytometer utilizing log forward scatter (FSC) and side scatter (SSC) amplifiers.  Forward scatter versus CD41a-FITC fluorescence (FL1 channel) was used to gate the platelet population, and GPIIb/IIIa expression on platelets was quantified as geometric mean CD41a-FITC fluorescence by histogram analysis.


2.2.2
Aggregation Assay

Blood was collected from healthy volunteers into 3.2% sodium citrate Vacutainer tubes after collection into one red-top tube, which was discarded.  The blood was kept on a rotator at 37°C during each experiment.  Whole blood aggregometry was used to assess the aggregation response to 5 µM collagen.  Blood (500 µl) was incubated for 30 min at 37°C with 250 µl of either Tyrode’s buffer (control) or supernates derived from RBC stored for 0 and 42 days from the first blood collection.  Following incubation, the magnitude (amplitude) and time before onset of platelet aggregation (lag) in each mixture was measured by impedance in a Chrono-Log Model 700 aggregometer (Havertown, PA).


2.3
Study II

2.3.1
Aggregation Assay

Assay conditions with samples from the second blood collection differed slightly from those used in the first study.  Either 450 μl of blood or 450 μl of platelet rich plasma (PRP) was mixed with 225 μl of supernate plus 225 μl of Tyrode’s buffer and incubated for ten minutes at 37°C.  Supernates from RBC stored for 0, 14, 28, and 42 days were assessed.  In control assays, 450 μl of blood were mixed with 450 μl of Tyrode’s buffer and incubated for ten min .  Following incubation, the magnitude and lag time before aggregation for each mixture was measured as done in study I. 


2.3.2
Characterization of Aggregation Inhibiting Substance

The inhibiting substance(s) in supernate from stored RBC was characterized with regard to dose response, chemical nature, and size.  To assess dosage effects, supernate volumes in the aggregation assay were decreased and replaced with Tyrode’s buffer to produce specified dilutions.  To characterize the chemical nature of the inhibitor, supernates were treated with protease (5 units/ml from Streptomyces griseus, 24 hours, 37°C) in one experiment and in a separate experiment were extracted with a chloroform:methanol (1:2) mixture according to Bligh and Dyer.[12]For each 1 ml of supernate, 3.75 ml of chloroform:methanol (1:2) were added and vortexed.  Then 1.25 ml CHCl3 was added and the mixture was vortexed.  This was followed by addition of 1.25 ml of distilled water and vortexing.  The mixtures were centrifuged at 200 x g for 5 min at room temperature to separate the phases.  Each phase was removed carefully and transferred to clean tubes.  The tubes were placed into warm water and the phases were evaporated to dryness by a nitrogen stream.  Solid material that had formed at the organic/aqueous interface was dried similarly.  Dried phases were redissolved into the original volume of 5% albumin in water for aggregation inhibition assays.  The solid that formed during the extraction was dissolved into water.  Aggregation inhibition assays were carried out as described above.  Characterization of the size of the inhibitor was done by fractionation using specific molecular weight cutoff membranes.  Supernates from two stored units were centrifuged through 30 kilo Dalton (kD) molecular weight cut off membranes.  The retentate (>30 kD) was saved for testing and the filtrate was centrifuged through 10 kD membranes.  The retentate (10- 30 kD) and filtrate (<10 kD) were saved for testing.


2.3.3
Statistical Analyses

Analysis of variance was used to test for differences among all treatment groups.  Then the Bonferroni t-test was used for multiple comparisons to determine if the null hypothesis of no difference between two groups could be rejected.  

3.0
RESULTS

3.1
GPIIb/IIIa Expression


Mean CD41a-FITC fluorescence of platelets decreased in blood incubated with supernates from stored NLR RBC (Figure 1). Reduction of CD41a-FITC fluorescence indicated that expression of GPIIb/IIIa on platelet membranes was reduced.  An inverse relationship was observed between GPIIb/IIIa expression in the presence of supernates and the storage age of the RBC from which the supernates were derived. Platelet expression of GPIIb/IIIa was reduced by 15%, 25%, and 31% in blood incubated with supernates from NLR RBC stored for fourteen, twenty-eight, and forty-two days, respectively as compared to blood incubated with Tyrode’s buffer. Supernates from LR RBC, however, did not affect GPIIb/IIIa expression.  Supernates obtained on the day of blood collection (day 0) from either NLR or LR RBC did not alter GPIIb/IIIa expression from that observed on platelets of blood incubated with Tyrode’s buffer.
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Figure 1: Effect of AS-5 Supernates on Platelet GPIIb/IIIa Expression as a Function of Storage Time.

Supernates from non-leukoreduced (NLR) and leukoreduced (LR) RBC collected at various storage times were incubated with whole blood and expression of platelet GPIIb/IIIa was assessed as described in “METHODS.”  Mean CD41a-Fitc fluorescence represents platelet GPIIb/IIIa expression. Values are presented as Means ± SD (n = 30 [Day 28 n = 25], NLR; n = 27 [Day 28 n = 23], LR). t-test comparisons are: *Day n NLR vs Day 0 NLR (p<0.003); **NLR vs  LR (p<0.002).


Reprinted from: Matheu FA and McFaul SJ, Transfusion 2010; DOI 10.1111/j.1537-2995.2010.02582.x.

3.2
Platelet Aggregation


Figure 2 shows mean aggregation data acquired from mixing supernates from ten stored RBC units with blood from three donors (n = 30).  The mean extent of platelet aggregation (amplitude) in blood incubated with supernates from NLR RBC stored in AS-5 for forty-two days was 31% lower than the mean extent of platelet aggregation in blood incubated with supernates from RBC stored for 0 days (day of collection).  Coincident with decreased aggregation amplitude, supernates from NLR RBC stored for forty-two days also delayed the time before onset of aggregation (lag time).   The mean lag time increased by 21%.  Lag time was more variable than amplitude, but correlated with changes in amplitude (Figure 3).  Supernates from RBC that had been leukoreduced before storage did not exert a statistically significant effect on either the time of onset or extent of aggregation.
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Figure 2: Effect of AS-5 Supernates on Platelet Aggregation.

Amplitude represents the magnitude of the platelet aggregation response as measured by changes in impedance and lag represents the time (s) until onset of aggregation.  Treatment groups are: non-leukoreduced (NLR) and leukoreduced (LR).  Values are presented as Means ± SD (n = 30, NLR; n = 27, LR). t-test comparisons are: *Day 42 NLR vs Day 0 NLR (p<0.001); **Day 42 NLR vs Day 42 LR (p<0.001).

Reprinted from: Matheu FA and McFaul SJ, Transfusion 2010; DOI 10.1111/j.1537-2995.2010.02582.x.
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Figure 3: Correlation Between Lag Time and Aggregation Amplitude.

Graph shows amplitude and lag time data for NLR day 0 and day 42 supernate treatments.  The equation of the regression line is: y = -1.9x + 77.2, R2 = 0.37.


Reprinted from: Matheu FA and McFaul SJ, Transfusion 2010; DOI 10.1111/j.1537-2995.2010.02582.x.

Analysis of aggregation data from all samples–blood incubated with Tyrode’s buffer, and supernates from NLR and LR RBC–with respect to mean CD41a-FITC fluorescence revealed a correlation between the magnitude of aggregation (Amplitude) and the level of GPIIb/IIIa expression on platelets (mean CD41a-Fitc Fluorescence), and an inverse correlation between lag time and GPIIb/IIIa expression (Figure 4). 
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Figure 4: Relationship Between Aggregation Variables and GPIIb/IIIa Expression.

Amplitude represents the magnitude of the platelet aggregation response as measured by changes in impedance and “Lag” represents the time before the onset of aggregation after addition of collagen.  Mean CD41a-FITC fluorescence represents platelet GPIIb/IIIa expression. Treatment groups are: non-leukoreduced (NLR) and leukoreduced (LR).  Values are presented as Means ± SD (n = 30, NLR; n = 27, LR). 

Reprinted from: Matheu FA and McFaul SJ, Transfusion 2010; DOI 10.1111/j.1537-2995.2010.02582.x.

3.3
Characterization Study

Initially, we assessed the effect of storage time on the level of platelet aggregation inhibitory activity and observed that the level of platelet aggregation inhibitory activity in supernates increased as a function of the storage age of the RBC (Figure 5).   Significant inhibitory activity was observed with supernates collected from RBC at fourteen days,the earliest storage time of our study.  The mean percent inhibition of platelet aggregation in whole blood by supernates from NLR RBC stored for fourteen, twenty-eight, and forty-two days was 23%, 28% and 54% respectively.The nearly two-fold increase in inhibitory activity in supernates from day 28 to supernates from day 42 was highly significant (p < 0.0001). 
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Figure 5: Platelet Aggregation Inhibition as a Function of RBC Storage Age.

Aggregation response to 5μM collagen was measured in whole blood mixed with supernates from NLR RBC collected at specified storage times according to “METHODS.”  “% Inhibition” represents the percent decrease in the amplitude of platelet aggregation response in blood mixed with supernates compared to in blood mixed with Tyrode’s buffer (*p<0.003, n = 12 for each day).  


Figure 6 shows that dilution of day 42 supernates with Tyrode’s buffer resulted in decreased inhibition of platelet aggregation in a dose response.  Platelet aggregation was inhibited by 57%, 38%, and 17% in the presence of 2-, 4-, and 8-fold diluted day 42 supernate, respectively.  Variability in the inhibitory effect increased with increasing dilution consistent with variable levels of inhibitor accumulation in stored RBC units from different donors.
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Figure 6: Dose Response of Platelet Aggregation Inhibitory Activity in Day 42 Supernates.

Aggregation response to 5μM collagen was measured in whole blood mixed with varying dilutions of supernates from NLR RBC stored for 42 days according to “METHODS.”  “% Inhibition” represents the percent decrease in the amplitude of platelet aggregation response in blood mixed with supernates compared to in blood mixed with Tyrode’s buffer (*p<0.001 vsTyrode’s buffer, n = 8).


Our whole blood assay system contained all blood cells.  Therefore, it was not clear as to the mode of action of the inhibitor(s), that is, if the active agent(s) in RBC supernate acts directly on the platelet or interacts with another cell type to cause release of an inhibitor of aggregation.  To address this question we compared the inhibition of platelet aggregation measured in whole blood and in PRP by day 42 supernates.  Figure 7 shows that there was no significant difference in the observed inhibitory activity.
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Figure 7.  Inhibition of Platelet Aggregation in Whole Blood and PRP


Aggregation response to 5μM collagen was measured in whole blood and PRP mixed with supernates from NLR RBC stored for 42 days according to “METHODS.”  “% Inhibition” represents the percent decrease in the amplitude of platelet aggregation response in blood mixed with supernates compared to in blood mixed with Tyrode’s buffer.


Figure 8 summarizes the effects of protease treatment, extraction with chloroform:methanol, and size fractionation.  “Pre” and “Post” samples show the level of inhibitor activity in the supernates before and after treatment, respectively.  Overnight treatment of supernates with protease from Streptomyces griseusdid not alter the platelet aggregation inhibitory effect of supernates.  Following chloroform:methanol extraction, platelet aggregation inhibitory activity was not observed in either the organic or aqueous phases.  However, a precipitate formed at the organic/aqueous interface.  Following dissolution of the precipitate in water, significant inhibitory activity was observed.  Size fractionation using 10 kD and 30 kD membranes revealed significant platelet aggregation inhibition activity only in the retentate after centrifugation through the 30 kD membrane.  Hence the apparent molecular weight of the inhibitor is >30 kD.
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Figure 8: Characterization of the Platelet Aggregation Inhibitor.

Aggregation response to 5μM collagen was measured in whole blood mixed with supernates from NLR RBC stored for 42 days before (“Pre”) and after (“Post”) protease treatment, chloroform:methanol extraction (organic phase, aqueous phase, precipitate), and size fractionation (<10 kD, 10-30 kD, >30 kD) according to “METHODS.”  “% Inhibition” represents the percent decrease in the amplitude of platelet aggregation response in blood mixed with supernates compared to in blood mixed with Tyrode’s buffer (*p<0.01 vs. Tyrode’s buffer, n = 4;  **p<0.003 vs. Tyrode’s buffer, n = 4).

4.0
DISCUSSION

Our results demonstrate that during storage, the plasma fraction of NLR RBC accumulates a substance(s) that decreases expression of GPIIb/IIIa on platelets and inhibits platelet aggregation in response to collagen. Platelet aggregation correlated with mean CD41a-FITC fluorescence, which indicates that platelet aggregation correlated with expression of GPIIb/IIIa on the platelet membrane (Figure 4).  GPIIb/IIIa is the fibrinogen receptor and is constitutively expressed on platelets.  In its native form, however, GPIIb/IIIa has a low binding affinity for fibrinogen. Agonists such as collagen bind to receptors on the platelet membrane and through intracellular signaling induce a change in the conformation of inactive GPIIb/IIIa to a form that binds fibrinogen avidly.[13, 14]  Activated GPIIb/IIIa-fibrinogen complexes form clusters on the platelet membrane, which facilitates formation of platelet aggregates through fibrinogen bridges.[13]  Thus, our data suggests that supernates inhibit platelet aggregation through reduction in the number of GPIIb/IIIa molecules on the platelet membrane.

The clinical significance of transfusion of these substances is yet to be determined, but potentially, transfusion of these substances could contribute to delayed hemostasis and increased blood loss by reduction of GPIIb/IIIa expression on platelets still in circulation.  Manno et al compared the hemostatic effects of fresh whole blood (≤ 6 hours at room temperature), whole blood stored for 24-48 hours at 4-6°C, and reconstituted blood prepared from 1 unit of RBC, 1 unit FFP, and 1 unit of random donor platelets in children that underwent open heart surgery.[15]  Transfusion with reconstituted blood resulted in increased blood loss compared with transfusion of either fresh whole blood or whole blood stored for 24-48 hours at 4-6°C. Furthermore, blood loss in children transfused with the 24-48 hour stored whole blood was not statistically different from blood loss in children transfused with fresh whole blood.  This suggests that endogenous rather than transfused platelets played the dominant role in establishing hemostasis since the function of platelets exposed to cold for 24-48 hours is compromised.[16]  Thus, their data imply that the reconstituted blood impaired the aggregation function of the children’s circulating platelets.  Indeed, Manno et al reported that the 30-minute post-operation in vitro aggregation responses of patient platelets to ADP, epinephrine, and collagen were significantly lower in children transfused with reconstituted blood than in children transfused with either fresh or stored whole blood. In contrast, they did not find significant differences in platelet counts, prothrombin time, activated partial thromboplastin time, fibrinogen, fibrin split products, and FVIII:Rag also measured 30 minutes following surgery.  Manno et al concluded that post-op coagulation tests could not explain the increased blood loss in the reconstituted group, and that lower blood losses in the fresh whole blood and stored whole blood groups was probably due to better functioning platelets.  In conjunction with our results, it is plausible that substances present in the stored blood products used to make the reconstituted blood reduced the aggregation response of the children’s platelets.

Platelet aggregation was inhibited equally by supernates in whole blood and PRP.  This indicates that accessory blood cells such as leukocytes are not required for inhibition of platelet aggregation.   Rather, the inhibitor interacts directly with the platelets to reduce the number of GPIIb/IIIa molecules expressed on the platelet membrane.  This could be mediated through a receptor on the surface, which when bound by the inhibitor down regulates GPIIb/IIIa expression.  Additional studies are needed to elucidate the mechanism of GPIIb/IIIa down regulation.


It is well documented that blood products accumulate proinflammatory and immunomodulatory substances during storage.  Both lipids and cytokines, which are small molecular weight peptides, have been identified in the plasma fraction of stored RBC, and have been suggested to play a role in development of serious transfusion complications such as TRALI.
 ADDIN EN.CITE 

[10, 17-21]
  Silliman et al demonstrated that the plasma fraction of RBC stored for at least two weeks contained lipids that primed PMNs in vitro, and that a PAF receptor antagonist blocked this effect.[18]  They further identified several lipid species, which included lysophosphatidylcholines, that accumulated during storage and elicited the PMN-priming effect in proportion to their concentrations.  In contrast to Silliman’s studies on TRALI, our studies suggest that the aggregation inhibitor is not lipid since it was not extracted by the chloroform:methanol mixture.  The organic phase of the chloroform:methanol mixture did not exhibit any of the aggregation inhibition activity found in the parent samples.  Interestingly, activity was also not present in the aqueous phase, which suggested that the active agent was not stable to extraction with organic solvents.  Indeed, a solid material was observed at the organic/aqueous phase interface.  The solid material dissolved readily in water indicating a hydrophilic nature, and, once dissolved, the solution exhibited greater inhibitory activity than the original supernate. 


Protease treatment did not affect the inhibitor, suggesting it is not a protein.  However, its relatively large size, instability in organic solvent, and hydrophilic nature is consistent with a protein structure.  There are several explanations for the observed resistance to protease treatment.  One explanation is inadequate proteolytic activity or time.  A second is lack of specificity, though protease from Streptomyces griseus has broad substrate specificity.  A third explanation is that critical peptide sequences in the inhibitor may be hidden within the tertiary structure of the protein and are inaccessible to the protease.  A fourth reason for resistance to proteolytic digestion is that the inhibitor is a glycoprotein.  Glycoproteins are known to be more resistant to protease treatment than non-glycosylated proteins.  Further studies are required to discern if the inhibitor is glycoprotein.


LR units did not contain platelet aggregation inhibitory substances, which indicates these substances either originated from leukocytes or residual platelets in the RBC units, or were generated in response to interaction of RBC membranes with products from leukocytes or residual platelets. Leukoreduction is not required at military blood centers and because of the requirement to get RBC into the field as quickly as possible to minimize storage effects, leukoreduction is not carried out at military blood centers.  Consequently, injured military personnel that require transfusions are transfused with NLR RBC, and are, therefore, transfused with RBC units that contain both, a platelet aggregation inhibitor and proinflammatory agents.  Because of reported associations between age and number of units transfused and serious complications such as TRALI and MOF, early hemorrhage control is necessary to reduce the chance of development of TRALI or MOF from transfusion of added units.   The development of platelet aggregation inhibitory activity in supernates of NLR RBC units during storage, however, may impair hemostasis and result in transfusion of more blood products.  It is important, therefore, to conduct studies to determine if trauma patients transfused with NLR RBC require more blood products to control hemorrhage than trauma patients who are transfused with LR RBC.  Information from such studies would be helpful to determine if leukoreduction should be mandatory.

5.0
CONCLUSION

We demonstrated that supernates from stored NLR packed RBC develop platelet aggregation inhibitory activity during storage.  The level of inhibition increased as a function of the storage age of the RBC indicating the concentration of agent responsible for inhibition increased.  The inhibitor acts directly on platelets without the need for accessory cells.  Characterization data suggest the inhibitor is not lipid.  The inhibitor is hydrophilic, denatured by organic solvent, and has a molecular weight greater than 30 kD.  Supernates from pre-storage leukoreduced RBC did not accumulate this inhibitor during storage implicating a requirement for leukocytes and/or platelets to generate the inhibitor.  Further studies are required to determine if transfusion of this material impairs hemostasis in actively bleeding individuals such that transfusion requirements are increased.
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Abstract

Hemorrhagic shock is a leading cause of death in both civilian and battlefield trauma. Currently available medical monitors provide the capabilities to measure standard vital signs that are often imprecise, subjective, and inconsistent. More important, the appearance of hypotension and other signs and symptoms of shock represent a point in time when it may be too late to apply effective life saving interventions. The resulting challenge is that early diagnosis is difficult because hemorrhagic shock is first recognized by late-responding vital signs and symptoms. The solution to this dilemma is to identify physiological signal(s) that provides the best early indicators of blood volume loss and impending circulatory failure. We hypothesized that state-of-the-art machine learning techniques when integrated with novel non-invasive monitoring technologies could detect subtle, physiological changes in conscious, healthy humans who underwent progressive reduction in their central blood volume.  

Methods

We exposed 28 healthy humans to progressive reductions in central blood volume using lower body negative pressure (LBNP) as a model of hemorrhage until the onset of hemodynamic decompensation. Continuous, non-invasively measured hemodynamic signals (e.g., ECG, blood pressures, stroke volume) were used for the development of machine-learning algorithms. Accuracy estimates were obtained by building models using 27 subjects and testing on the 28th. This process was repeated 28 times, each time using a different subject.

Results


Our method was 96.5% accurate in predicting the amount of central blood volume reduction (i.e., level of LBNP). The correlation between predicted and actual LBNP level for hemodynamic decompensation was 0.89. 

Conclusion

Machine modeling can accurately identify loss of central blood volume and predict the point at which an individual will experience hemodynamic decompensation (onset of shock). Such a capability can provide decision support for earlier identification of blood loss and need for intervention.

1.0
Introduction

Accurate, early diagnosis and application of life saving interventions for the treatment of hemorrhage prior to the development of circulatory shock is a high priority for the Army Medical Department since hemorrhage is a leading cause of death on the battlefield [3,23]. Survival rates increase when patients requiring immediate intervention are correctly identified in a mass-casualty scenario, but methods of prioritizing casualties based on current triage algorithms are severely limited. In critical trauma and combat casualty care medicine, a profound need exists for improved physiological algorithms that will provide a reliable early indication of survival outcome [21,28,43]. Despite ongoing study, mental status, pulse character, and low blood pressure (systolic < 90 mmHg) are still considered to be the best indicators of the need for life-saving interventions  QUOTE "(3;42;44;101)" 
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, even though the unreliability of arterial blood pressure as an early indicator of blood loss was recognized as early as the World War II era [20,35] QUOTE "" 
.


The role-I medical practitioner (including combat medics, physician assistants, and field surgeons) is currently limited to the assessment of mental status, pulse character and pulse rate measurements for diagnosis of wounded soldiers. Even in special operation forces, it is rare that standard blood pressure (BP) and pulse oximetry (SaO2) will be available. However, compensatory mechanisms that buffer against changes in BP and SaO2 make these measurements poor indicators for early detection of the severity of hemorrhage [42]. Although pulse rate is also available, there exist several confounding etiologies for tachycardia, including recent physiological exertion, hydration status, ambient temperature, and epinephrine release due to anxiety and/or fear in response to threats, which collectively serve to compromise its specificity as a sign of emerging hemorrhagic shock. Therefore, the absence or presence of hypotension as measured by changes in mental status, pulse character, and/or pulse rate can be misleading since it does not represent the underlying physiology of compensated hemorrhage that eventually leads to the development of overt shock. Subsequently, the appearance of hypotension and other signs and symptoms of shock usually represent a point in time when it may be too late to introduce effective life saving interventions [28]. The resulting challenge is to identify physiological signals associated with the underlying compensatory mechanisms of hemorrhage and technologies to track these signals so as to provide early diagnosis of a patient’s risk for developing circulatory shock through measurements of physiological responses associated with the underlying compensatory mechanisms of hemorrhage.


An additional challenge facing battlefield medical personnel is the absence of moment-to-moment physiological measurements obtained from the wounded soldier, limiting decision-making to isolated “snapshot” data points. As a result, rapid decisions about priority of care and application of interventions are made without the benefit of observing trends and the dynamic nature of the evolving physiology of the traumic injury (and specifically hemorrhage) physiology. Thus, the current process of combat casualty care can be greatly improved by providing specific, sensitive, and continuous physiological observations. It is therefore clear that identification of the best early markers of hemorrhage can only be accomplished by simultaneous and continuous measurement of various physiological signals (compensatory responses) associated with BP regulation that have been proven to be accurate predictors of cardiovascular collapse.

2.0
METHODS


2.1
Experimental Models of Hemorrhage

In 1733, Alexander Pope eloquently stated “Know then thyself, presume not God to scan: The proper study of Mankind is Man”. Development of effective procedures to predict the magnitude of hemorrhage and the likelihood for progression to hemorrhagic shock must necessarily be based on carefully-controlled human experimentation, but experimentally-induced severe bleeding in conscious, unanthesized humans is not possible. The ability to experimentally study the hemodynamic effects of hemorrhage has been primarily limited to animal studies [15]. Although valuable, application of information derived from such studies to a triage algorithm meant for humans is confounded by species differences (e.g., quadruped vs. biped), particularly regarding blood pressure regulation, and the presence of anesthesia [17]. 

In the case of human studies in which mild blood loss is induced by voluntary blood donation, the removal of only small percentages of total blood volume is easily compensated for in most cases, so consequently fails to provide a point of hemodynamic decompensation as occurs with greater volumes of blood loss experienced in combat trauma. In order to accomplish the objective of investigating the dynamics of severe hemorrhage in humans, we designed a model to safely and noninvasively induce decompensation in human subjects for reliable prediction of tolerance (e.g., ‘survival’) outcomes [7,13,15]. We adopted an approach of applying negative pressure to the lower body (below the iliac crest) as a method of investigating cardiovascular mechanisms under conditions of controlled, experimentally-induced hypovolemic hypotension by the redistribution of blood away from the head and heart [7,13,15, Figure 1]. With this approach, we have demonstrated that lower body negative pressure (LBNP) mimics hemodynamic and compensatory responses in conscious healthy humans similar to those observed during the early stages of hemorrhage in anesthetized animal models without attenuating peripheral vasoconstriction [6,22]. The application of LBNP as an experimental surrogate for hemorrhage represents a basic premise for algorithm development; that is, like hemorrhage, we have demonstrated that LBNP reduces central blood volume and cardiac output [7,13,15], increases sympathetic nerve activity [9,15,16], reduces tissue oxygen content and pH [37,38,41], and eventually leads to severe hypotension and hemodynamic decompensation [7-11,13,15,25-27,30-32]. These hemodynamic similarities between the reductions in central blood volume caused by LBNP and bleeding have been recently validated by a computational model of human hemorrhage [39]. Most importantly, extensive experience with induction of hemodynamic decompensation has been demonstrated using LBNP protocols in our laboratory [4-7,10,15,24,33,40], providing the capability to develop algorithms designed to predict a clinically-meaningful target outcome. In the absence of effective resuscitative measures, compensatory reflex mechanisms eventually fail to adequately compensate as LBNP-induced loss in central blood volume gradually increases, and a subsequent collapse of blood pressure regulation ensues [7] with frank onset of hypotension, similar to that reported in humans during severe hemorrhage [2,18,34]. Therefore, application of LBNP provides a method of investigating continuous and simultaneous physiological responses and underlying compensatory mechanisms associated with hemorrhage in human subjects under conditions of controlled, experimentally-induced central hypovolemia. By defining hemodynamic decompensation as the primary outcome variable, we have successfully developed a novel database of physiological responses to progressive central blood volume reduction in more than 150 human subjects that provides the foundation for development of a machine-learning algorithm capable of accurately predicting outcome.
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Figure 1: Human subject placed in the lower body negative pressure (LBNP) device.  Subject is instrumented with standard lead II ECG, Finometer® Blood Pressure Monitor, and pulse oximeter.


In the presence of compensatory hemodynamic, autonomic and metabolic responses during LBNP, we have studied the dynamics (time course) of standard vital signs. Our experiments verified data reported in the trauma literature that during the early compensatory phase of hemorrhage, there are no clinically-meaningful alterations in mental status [31], pulse character [31], systolic and mean blood pressures [8,13,25,27,31], arterial oxygen saturation [12-14,41], end-tidal CO2 [27], respiration rate [14], or blood pH and base deficit [41]. These responses are pictorially illustrated in Figure 2. As such, the results from our experiments suggest that humans can lose as much as 40% to 50% of their central blood volume without clinically-meaningful changes in standard vital signs. Our experiments verify that changes in current standard vital signs fail to provide early prediction of clinical outcomes, but correlate well with mortality and the need for intervention because they are themselves outcome responses (i.e., outcomes correlate well with outcomes). It is therefore clear that there is a requirement for a device that quickly and reliably detects and estimates the level of blood loss (red line in Figure 2) based on the real-time integration of physiological signals that represent responses of dynamically complex mechanisms during the compensatory phase of hemorrhage (green line in Figure 2). This is the true data gap that exists with current medical monitoring capabilities; i.e., normality and failure of blood pressure regulation can be defined by standard vital signs, but the physiological dynamics that lead from normality to failure cannot be defined by current monitoring technologies (Figure 3). The approach presented in this paper using our LBNP model of hemorrhage is the only one that we are aware of that provides the capability required for the development of a monitor for the early prediction of bleeding and risk for hemodynamic decompensation in humans.
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Figure 2: The time course of standard vital signs measured on current medical monitors (black lines) during the dynamic compensatory phase of progressively reduced central blood volume 
(red line) simulated by LBNP. Green line indicates signals required to track blood loss.
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Figure 3: The time course of physiological dynamics that define the ‘data gap’ 
that leads from normality to failure of the blood pressure regulation system.


2.2
Algorithm Development

Feature extraction is a useful tool for identifying important phenomena in a noisy or confounded signal. Task or process related knowledge and classic signal processing techniques are used to interrogate large, complex datasets, in order to identify salient events and signals (features). These features are then subjected to powerful modeling methods to find important co-occurrences. For example, high dimensional nonparametric statistical modeling techniques can be applied to complex, multi-input sequences to not only recognize, but predict temporal phenomena. Machine learning is concerned with the design and development of algorithms that can be used to automatically extract information from large volumes of data.

In 2008, we began using feature extraction and machine-learning methods to analyze complex physiological waveform data collected during LBNP experiments. Our goal was to identify subtle changes in human physiology that are predictive of acute blood loss and cardiovascular collapse. We utilized an image-based, robot navigation system for our machine-learning framework. This system builds linear and nonlinear density models in real-time and is able to process > 100 million pixels or data points/second for the analysis of high frequency waveform data based on experience in building an image-based robot navigation system. This approach was used to analyze continuous, physiological waveform data from 28 healthy humans exposed to progressive central hypovolemia using LBNP until the onset of hemodynamic decompensation. Hemodynamic decompensation was identified in real time by a precipitous fall in systolic blood pressure greater than 15 mmHg concurrent with the onset of pre-syncopal symptoms such as bradycardia, grey-out (loss of color vision), tunnel vision, sweating, nausea or dizziness. The objective was to generate an initial machine-learning algorithm for the early identification of reduction in central blood volume and prediction of hemodynamic decompensation based on continuous, beat-to-beat hemodynamic measurements obtained from a pulse oximeter, transthoracic impedance plethysmography, a near-infrared tissue perfusion monitor, transcranial Doppler flow probe, and a finger infrared photoplethysmography blood pressure monitor (Finometer™, TNO-TPD Biomedical Instrumentation, Amsterdam, The Netherlands). Continuous, non-invasively measured physiological signals were analyzed, including RR interval, heart rate, arterial blood pressures, pulse pressure, stroke volume, and cardiac output. Initial sample size was 64 heart beats, after which a new prediction was made with each new beat. Accuracy estimates were obtained by building models using 27 subjects and testing on the 28th. This process was repeated 28 times, each time using a different test subject. The resulting algorithm represented an average of these 28 experiments, giving a statistically unbiased estimate of the efficacy of the algorithm for hypovolemia predictions on future human subjects undergoing the same LBNP protocol.


4.0
RESULTS

Figure 4 demonstrates the curve fit and correlation of predicted, beat-to-beat values of LBNP (blue line) compared with the actual LBNP level (red line) in two of the 28 original subjects. Our method was 96.5% accurate in predicting the amount of central blood volume reduction (i.e., level of LBNP); correlation between predicted and actual LBNP level was 0.94; the correlation between predicted and actual LBNP level for hemodynamic decompensation is 0.89. We subsequently tested the capability of the algorithm to track central blood volume reduction (i.e., LBNP) in real time on a subject whose data were not used to develop the original algorithm (Figure 5). The algorithm tracked the LBNP profile (progressive reduction in central blood volume) and accurately predicted the level of decompensation between -70 and -80 mmHg LBNP (the subject decompensated at 3:55 min of the 5:00 min interval of the -70 mmHg LBNP level prior to reaching -80 mmHg). The algorithm also accurately predicted the level of decompensation in two subsequent subjects. These preliminary results were very encouraging. Interestingly, however, the algorithm incorrectly predicted a higher level of LBNP than the actual level of decompensation in the fourth and fifth real-time tests. We have previously classified individuals into two distinct tolerance groups: 1) subjects with high tolerance (HT) to reductions in central blood volume because they complete at least the 4th level of LBNP (-60 mmHg); and 2) subjects with low tolerance (LT) to reductions in central blood volume because they fail to complete -60 mmHg LBNP [10,11]. In reviewing the tolerance times of the 5 subjects for whom we applied our machine-learning algorithm, the first 3 subjects were classified as HT while the last 2 subjects were classified as LT. In retrospect, we recognized that a limitation to the development of the initial algorithm was that the majority of the original 28 subjects used to develop the algorithm were HT. We therefore hypothesized that there are characteristics of physiological signals unique to HT and LT subjects that can be identified and integrated into the current algorithm to improve the precision of prediction for both subgroup classifications. 
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Figure 4: Curve fit and correlation of predicted, moment-to-moment values of LBNP 
(blue line) compared with the actual LBNP level (red line) in two subjects.
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Figure 5: Tracing obtained from the first preliminary algorithm test to track central 
blood volume reduction in real time on a human subject undergoing progressive 
LBNP whose data was not used to develop the algorithm.


We subsequently expanded our data set from the original 28 subjects to 104 subjects to refine the algorithm and limited our analysis to only non-invasive blood pressure waveform data. We specifically included data from both HT and LT subjects. Similar to the initial approach, the latter experiments involved building 104 models, each using 103 subjects and testing on the 104th different test subject each time. Preliminary results using a window size of only 30 heart beats (less than the initial 64 heart beats) revealed a correlation coefficient of 0.95 between predicted and actual LBNP level, with the correlation coefficient between the predicted and actual hemodynamic decompensation level also being 0.95. Although preliminary, the most current model built on data from 104 subjects displays increased accuracy. We subsequently tested the capability of the refined algorithm to track central blood volume reduction in real time on a subject whose data were not used to develop the algorithm (Figure 6). The algorithm now provides the capability to predict the level of blood volume reduction that will induce decompensation (blue line, Fig. 6) and track the progressive reduction in central blood volume (red line, Fig. 6). That is, the algorithm accurately predicted the level of decompensation (i.e., when the red line meets the blue line). Final error analysis for models using more subjects is ongoing; we hypothesize that this model will demonstrate this higher accuracy on future subjects gathered under the same experimental protocol.
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Figure 6: Tracing obtained from the revised preliminary algorithm to predict blood volume level for hemodynamic decompensation (blue line) and track central blood volume reduction (red line) in 
real time on a human subject undergoing progressive LBNP whose data was not used to 
develop the algorithm. Decompensation occurred when the red and blue lines met, 
at which point LBNP was released and blood was returned to the subject.

5.0
DISCUSSION

Hemorrhage is the most prevalent cause of death on the battlefield, accounting for 83% to 87% of the ‘potentially survivable’ deaths [23], and is the primary cause of death in about 30% of the injured soldiers who die from wounds [3]. Some of these deaths might be avoided if military medical personnel had monitors with the capability to assess the presence and severity of hemorrhage in its earliest stages. This point is best described by an email message sent from the 28th Combat Support Hospital in Baghdad on 20 June 2007 by the Director of the Deployed Combat Casualty Care Research Team. The email provided the following scenario: “There are 3 groups of casualties: 1) the ones who are really sick and (almost) everyone knows it; 2) the ones who have minimal injuries and will live almost regardless of what we do; and 3) those who look like they aren't too bad but then deteriorate. (We are) most interested in identifying group 3.”  In this scenerio, it is possible that patients in Group 3 actually belong to Group 1, but have not yet manifested signs of overt hemodynamic decompensation at initial triage. As such, it is probable that many of the casualties in ‘group 3’ compose the population of ‘potentially survivable’ deaths in which lethal bleeding goes undiagnosed. This group represents the lives of casualties that could be saved using the approach outlined in this paper. 

The Initial Capabilities Document (ICD) for Tactical Combat Casualty Care (TCCC) drafted on 31 March 2006 defines the inability to accurately assess internal injury (e.g., bleeding) as a capability gap at nearly all levels of care. Unfortunately, decision-support systems designed for determining the severity of blood loss or guiding resuscitation in combat casualties do not exist. For pre-hospital transport, the tools available to the medic for decision support are limited to the physical auscultation of the pulse character and assessment of mental status. Current medical monitoring devices used in Combat Support Hospitals provide no earlier prediction of a need to implement a life saving intervention or patient outcome than an on-site physical exam [12]. Thus, a primary objective of the US Army combat casualty care research program is to reduce mortality and morbidity on the battlefield through development of medical technologies that improve trauma triage by providing advanced casualty information continuously throughout all phases of emergency care.


The results presented in this paper demonstrate that machine modelling can quickly and accurately identify loss of central blood volume and predict the point at which individuals will experience hemodynamic decompensation (onset of shock) in advance of changes in standard vital signs. Such a capability can ‘buy time’ until more definitive care is available by providing timely decision support for earlier identification of blood loss and need of intervention. Since early intervention is associated with reduced morbidity and mortality [29], this machine-learning capability provides a promising approach directed at improving clinical outcomes for combat casualties and civilian trauma patients with unrecognized hemorrhage.
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Hemorrhage resulting from combat-related injuries is the most common cause of potentially preventable deaths in military operations. Evidence indicates that the use of fresh whole blood (FWB) during massive transfusion (>10 units) is independently associated with improved survival1. The use of warm FWB currently persists only in emergency life-threatening scenarios when tested, stored blood components are not available, such as combat casualties. Risks of non-leukoreduced FWB transfusions include the transmission of infectious agents due to prior exposures or exposures in theater, alloimmunization to donor antigens and the potential for microchimerism. These risks may be mitigated in large part by a process capable of pathogen reduction and leukocyte inactivation.  Such a technique, Pathogen Reduction Technology (PRT), can increase the safety of FWB and provide both an adequate and safe blood supply in a combat environment. This presentation will review work in progress on the development of such a system to treat fresh whole blood, which is capable of reducing infectious pathogen loads of bacteria, viruses, and parasites and inactivating white blood cells.  This process is based on the use of riboflavin (vitamin B2) and UV light and relies on a photochemical process capable of disrupting nucleic acid replication processes in pathogens and white cells. Pre-clinical evaluations of device performance include tests of blood component quality, as well as tests of WBC inactivation, of virus reduction, and of bacteria reduction. The device is currently in clinical evaluation in the United States under an FDA approved Investigational Device Exemption. Early results with this system from pre-clinical and clinical studies will be provided. This work is supported through grants provided by the US Department of Defense.

1.0
Introduction

Whole blood was the first blood product to be transfused for therapeutic purposes. In military combat situations, it continues to be a valued therapeutic tool. Hemorrhage resulting from combat-related injuries is the most common cause of potentially preventable deaths in military operations. Evidence indicates that the use of fresh whole blood (FWB) during massive transfusion (>10 units) is independently associated with improved survival [1]. The use of warm FWB currently persists only in emergency life-threatening scenarios when tested, stored blood components are not available, such as combat casualties [2]. Risks of non-leukoreduced FWB transfusions include the transmission of infectious agents due to exposures to these agents either before or during deployment in the field, transfusion-associated graft-versus-host-disease (TA-GvHD), alloimmunization to donor antigens and the potential for microchimerism. These risks may be mitigated in large part by a process capable of pathogen reduction and leukocyte inactivation.  Such a technique could increase the safety of FWB and thus provide both an adequate and safe blood supply in the combat environment. This presentation will review work in progress on the development of such a system to treat fresh whole blood, which is capable of reducing infectious pathogen loads of bacteria, viruses, and parasites and  inactivating white blood cells (WBC).  Treatment with the system is based on the use of riboflavin (vitamin B2) and UV light and relies on a photochemical process, which is capable of disrupting nucleic acid replication in pathogens and white cells.

2.0
device description

The prototype Mirasol® System for Whole Blood is adapted from the CE-marked Mirasol PRT System for Platelets and Plasma. The device consists of an illuminator and a disposable kit, illustrated in Figure 1. For treatment with the system, a unit of whole blood (approximately 460 to 560 mL, with anticoagulant) is transferred to the illumination bag and mixed with the riboflavin solution (35 mL of 500 µM riboflavin in 0.9% NaCl). The mixture is then placed in the illuminator and exposed to UV light. The dose of UV light is normalized to account for the presence of the RBCs and sample volume (weight) and is reported in units of J/mLRBC.  Energy dose, mixing and product temperature are measured and recorded throughout the process on an on-board microprocessor/controller.  Treatment times range from 40-60 minutes based on product size.

[image: image16.wmf]

Figure 1: Treatment with the Mirasol System for Whole Blood.

3.0 
pre-clinical results


Proof-of-concept testing for the Mirasol System for Whole Blood involved evaluations of WBC inactivation, virus reduction, bacteria reduction, component quality, and whole blood quality after treatment of the whole blood with varying UV-light energy doses. This information was utilized to select a light energy dose which afforded adequate levels of pathogen reduction and white cell inactivation, while also maintaining cellular and protein component functionality.

3.1
Virus Reduction


Several model viruses were used to assess the ability of this system to inactivate viruses in blood products.  Efficacy was determined by measuring the residual levels of infectivity present in the samples after treatment and by comparing this to levels of infectivity in the untreated starting material.  These values were used to calculate a reduction factor.  Units of whole blood were spiked with enveloped (VSV, IBR) and non-enveloped (CPV, BTV, HAV) viruses as these are representative of the two major virus types. Virus inactivation as a function of energy delivered was evaluated in the range of 40-110 J/mLRBC. Increasing virus inactivation with increasing energy was observed in the range of 40-110 J/mLRBC (Figures 3 and 4).  
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Figure 3: Reduction of non-enveloped virus as a function of energy. Symbols correspond to data, the lines to linear regressions of the data. Solid line with asterisks: CPV; dotted line 
with filled diamonds: HAV; dashed line with open triangles: BTV. 
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Figure 4: Reduction of enveloped virus as a function of energy. Symbols correspond 
to data, the lines to linear regressions of the data. Solid line with 
asterisks: IBR; dotted line with filled diamonds: VSV.


3.2
Bacteria Reduction

The ability of the system to reduce levels of infectious bacteria load was evaluated by measuring the ability of the system to sterilize products spiked with several strains of pathogenic bacteria. Sterility was assessed by culturing samples removed from treated products after storage at room temperature for up to 7 days.  Bacterial growth curves, in cases of breakthrough, were also assessed to establish the extent of a bacteriostatic effect (Figure 5).  Initially, evaluation of bacteria reduction was performed as a function of dose response over the range of 40 – 110 J/mLRBC. Follow-up experiments focused on evaluating performance after treatment with 80 J/mLRBC. Results are summarized in Table 1. 
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Figure 5: Growth rate of B. cereus in treated and positive control whole blood. 
LOD = limit of detection of the assay used to measure bacteria titer.

Table 1: Low-titer bacteria reduction after treatment with 80 J/mLRBC in the Mirasol System.

		Strain of bacteria tested

		# of units positive/

# of units tested



		Serratia marcescens

		0/3



		Yersinia enterocolitica

		0/15



		Escherichia coli

		0/2



		Klebsiella pneumoniae  

		0/3



		Acinetobacter baumannii

		1/9



		Serratia liquefaciens

		1/10



		Staphylococcus aureus

		1/2 



		Bacillus cereus

		2/8



		Streptococcus pyogenes

		4/10



		Staphylococcus epidermidis 

		15/22





3.3
Parasite Reduction


Several experiments to test the effectiveness of the process for inactivating parasites are ongoing or are planned.  These studies are of particular importance because tests for parasitic agents are usually not available due to the lack of suitable diagnostic tests coupled with the unique characteristics of these agents, which can evade detection in blood.  Exposure of military donors in the field to these agents can be of particular concern [3,4]. Tests of the reduction of a transfusion-transmissible parasite, Trypanosmoa cruzi, with the Mirasol System for Whole Blood are ongoing. Tests of Babesia microti, Leishmania donovani, Plasmodium falciparum, and Anaplasma phagocytophilum reduction will occur over the next three years.

3.4
WBC Inactivation


WBC in blood products can induce multiple adverse effects in the transfusion recipient including life-threatening TA-GvHD, cytokine production and alloimmunization [5,6,7]. Leukoreduction and gamma irradiation are used to lessen these effects but are not always available or practical for field implementation.  Those measures also are only partially effective in alleviating adverse effects due to transfused WBC [8,9].  


To assess inactivation, WBCs were isolated from treated whole blood products and WBC functionality was assessed. The phenotype of the cells does not change immediately after treatment. WBC activation by PMA, as measured by CD69 expression, was completely prevented at all energies tested (Figure 6). Proliferation in response to PHA and anti-CD3 plus anti-CD28 antibodies was completely blocked at the highest energy applied (Figure 7). In a mixed lymphocyte culture proliferation of treated WBCs in response to allogeneic stimulator cells (allorecognition) or proliferation of untreated cells in response to treated stimulator cells (allostimulation) was also inhibited, indicating that Mirasol treatment impairs antigen presentation in addition to cell division (Figure 8 and 9). Production of inflammatory and TH1/TH2 cytokines in response to LPS and anti-CD3 plus anti-CD28 antibodies was completely inhibited at the higher energies used (data not shown). 
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Figure 6: Inhibition of WBC activation in response to PMA, treated WBCs (22, 33 or 44 J/mLRBC) 
and untreated control WBCs (0 J/mLRBC). CD69 expression was measured by flow 
cytometry. The dashed line represents the limit of detection of the assay.
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Figure 7: Inhibition of WBC proliferation in response to PHA, in treated WBCs (22, 33 or 44 J/mLRBC) and untreated control WBCs (0 J/mLRBC). Proliferation was measured by thymidine 
incorporation. The dashed line represents the limit of detection of the assay.
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Figure 8: Results for allorecognition by treated WBCs (22, 33 or 44 J/mLRBC) and untreated control WBCs (0 J/mLRBC). Proliferation in a mixed lymphocyte culture was measured by thymidine incorporation. Dashed line represents the limit of detection of the assay.
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Figure 9: Results for allostimulation by treated WBCs (22, 33 or 44 J/mLRBC) and untreated control WBCs (0 J/mLRBC). Proliferation in a mixed lymphocyte culture was measured by thymidine incorporation. Dashed line represents the limit of detection of the assay.

The functionality of treated WBCs was also assessed in a mouse model that utilizes xenogeneic GvHD responses of human cells when injected into immunodeficient murine recipients (Rag-/-c-/- double knockout mice). The results of this work showed prevention of GvHD in animals transfused with treated products, as evidenced by lack of GvHD development, human cell engraftment (Figure 10), antibody production, and increase in human cytokine levels (Figure 11).
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Figure 10: Human CD45+ cell engraftment in the mice used in the xGvHD study.
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Figure 11: Human cytokine levels in the mice used in the xGvHD study. 
Dashed line represents the limit of quantification of the assay.

3.5
Whole Blood Quality and Function

In order to assess the quality and functionality of whole blood, units were collected in CPDA-1, and treated with varying energy doses in the Mirasol System and then stored at room temperature, without agitation, for at least 24 hours (range of 1 to 7 days). The results of the studies indicated that 80 J/mLRBC would provide a balance of acceptable blood quality and pathogen reduction. Additional studies were conducted to verify the performance of the system with 80 J/mLRBC light delivery. Samples were removed to assess hemolysis, osmotic fragility, CBC, clinical chemistry, plasma function (PT, APTT, the activity of representative factors), and platelet function (TEG and ImpactR).

Free hemoglobin remained below the limits of detection (30 mg/dL) in treated and control units throughout 7 days of room-temperature storage. Methemoglobin values were elevated post-treatment (1.7% + 0.8%), and were at background levels (0.7%) after one day of storage. Table 2 displays values for mean osmotic fragility; on Day 0 only, treated units were more fragile than the unpaired controls. On all other storage days, no significant differences in osmotic fragility were observed between treated and control units. Table 3 displays value for sodium and potassium concentrations. The potassium concentration increases, and the sodium decreases, more rapidly in the treated whole blood than in the controls.

Table 2: Mean Osmotic Fragility for Treated and Control RBCs during Storage.

		Storage Day

		MOF for control units (n=4)

		MOF for treated units (n=8)



		Day 0

		0.468 ( 0.008 

		0.490 ( 0.018a 



		Day 1

		0.503 ( 0.011b 

		0.504 ( 0.024b 



		Day 2

		0.510 ( 0.006b

		0.520 ( 0.019b



		Day 5

		0.551 ( 0.015b 

		0.549 ( 0.023b 



		Day 7

		0.569 ( 0.015b 

		0.542 ( 0.046b 






aSignificantly different from control values.


bSignificantly different from corresponding Day 0


Table 3: Clinical Chemistry Measurements during Storage.

		

		Storage Day

		Na+

(mmol /L)

		K+

(mmol/L)



		Control

(n=4)

		Day 0

		154 ( 1.4

		3.2 ( 0.1



		

		Day 1

		156 ( 1.5 

		3.8 ( 0.1 



		

		Day 2

		157 ( 1.5

		5.1 ( 0.2



		

		Day 5

		155 ( 1.5

		9.0 ( 0.5 



		

		Day 7

		153 ( 1.7 

		11.3 ( 0.7 



		Treated

(n=8)

		Day 0

		156 ( 1.9

		3.3 ( 0.4



		

		Day 1

		156 ( 1.6 

		5.1 ( 0.6a 



		

		Day 2

		155 ( 1.7

		7.5 ( 0.8a



		

		Day 5

		151 ( 2.0a 

		14.3 ( 1.2a 



		

		Day 7

		147 ( 2.4a

		18.4 ( 1.5a








aSignificantly different from controls.

Post-treatment plasma from eight treated units of whole blood, and plasma from three untreated units, was assayed for Fibrinogen, Factor V, Factor VIII, Factor XI, and total protein. In a separate experiment, after illumination the whole blood was transferred to the Mirasol storage bag for room temperature storage. Samples from eight units of treated whole blood and 4 units of untreated whole blood were assayed post-illumination and after one and two day’s storage for prothrombin time (PT) and activated partial thromboplastin time (aPTT). 


Table 4 displays the data for Fibrinogen concentration, Factor V, VII, and XI activity, and total protein concentration; these values are corrected for dilution with riboflavin solution. Total protein concentrations were equivalent in test and control plasma. Post-illumination values for Fibrinogen, Factor V, Factor VIII and Factor XI were higher in the controls than in the treated plasma, but all values were within normal ranges. Table 5 displays the data for prothrombin time (PT) and activated partial thromboplastin time (aPTT) on days 0, 1 and 2 of room temperature storage. PT and aPTT values were greater in treated units than in controls, post-illumination and after one day of storage. Values for aPTT are in the range of normal values, and for PT are slightly elevated (for treated units). 


Table 4: Plasma Quality: Fibrinogen, Factor V, Factor VIII, Factor XI.

		

		Fibrinogen (mg/dL)

		Factor V (%)

		Factor VIII (%)

		Factor XI (%)

		Total Protein (g/dL)



		Control
(n=3)

		Day 0

		255 ± 29

		86 ± 9

		79 ± 7

		126 ± 8

		5.5 ± 0.7



		80 J/mLRBC
(n=8)

		Pre-illum

		292 ± 25

		89 ± 16

		98 ± 18

		108 ± 19

		5.5 ± 0.3



		

		Day 0

		214 ± 15

		68 ± 13

		70 ± 12a

		85 ± 15

		5.7 ± 0.3





         aSignificant difference (p< 0.05) between treated and control, t-test for unpaired samples, unequal variance

Table 5: Plasma Function: PT and APTT.

		

		Control (n=4)

		80 J/mLRBC (n=8)



		

		Pre-illum

		Day 0

		Day 1

		Day 2

		Pre-illum

		Day 0

		Day 1

		Day 2



		PT (sec)

		N/A

		13.4 ± 0.6

		13.6 ± 0.6

		13.9 ± 0.5

		13.9 ± 0.6a

		15.6 ± 0.7a

		16.0 ± 0.9a

		16.4 ± 0.8a



		APTT (sec)

		N/A

		26.4 ± 2.2

		27.0 ± 1.6

		28.2 ± 2.3

		25.2 ± 0.9a

		31.3 ± 1.3a

		32.7 ± 1.4a

		33.1 ± 1.3a





aSignificant difference (p< 0.05) between treated and control, t-test for unpaired samples, unequal variance

Platelet function was evaluated in test and control units of whole blood. The platelet function assays used were the ImpactR and thromboelastography (TEG). The Impact-R tests platelet adhesion and aggregation in anti-coagulated whole blood under arterial flow conditions. The results are expressed as the percentage of the well surface covered by platelet aggregates (% SC) which represents platelet adhesion, and the average size of the aggregates (AS in µm2) which represents platelet aggregation. 

TEG analysis evaluates clot formation by rotating a cup, containing the blood sample, to imitate venous flow and activate coagulation. The speed and strength of clot formation are represented with four parameters: R, k, MA and alpha. R (reaction time) is the elapsed time until clot formation in the analyzer – shorter R times are preferred. The alpha angle represents the rate of clot growth – smaller α values are preferred. The k-value is a measure of the speed required to reach a certain level of clot strength, and is closely related to alpha and to MA. MA (Maximal amplitude) is a measure of the strength of the clot formed, and is a measurement of viscosity – larger MA values are preferred. 

For these unpaired treated and control articles, no statistically significant differences were observed for the Impact R measurements throughout storage (Table 6). For the Day 1 and Day 7 TEG measurements (Table 7), no statistically significant differences were observed in values for MA, K and alpha. R values on Day 7 were significantly greater (p < 0.05) for treated units, but were not different on Day 1. Overall, the platelet function measurements indicate that platelets in treated whole blood display function that is equivalent to untreated platelets after 24 hours of room temperature storage. The PT and aPTT measurements in Table 9 were obtained from the same units as those evaluated with TEG. The differences in PT and aPTT did not impact clot formation, as evaluated by TEG (Table 11).

Table 6: Platelet Function Measurements – ImpactR.

		

		

		Day 0

		Day 1

		Day 2

		Day 5

		Day 7



		Surface Coverage, %

		Control (n=4)

		8.4 ± 2.2

		7.1 ± 1.9

		7.2 ± 1.4

		3.4 ± 2.3

		3.4 ± 2.3



		

		Treated (n=8)

		9.1 ± 1.8

		7.2 ± 1.7

		7.8 ± 2.1

		3.8 ± 2.3

		2.6 ± 2.4



		Average Aggregate size, µm2

		Control (n=4)

		29.3 ± 4.3

		24.1 ± 1.1

		25.6 ± 1.7

		26.1 ± 2.7

		25.9 ± 2.4



		

		Treated (n=8)

		34.8 ± 9.6

		23.5 ± 1.6

		25.0 ± 2.3

		23.6 ± 4.0

		24.3 ± 2.3





 Table 7: Platelet Function Measurements – TEG.

		

		Day 1

		Day 7



		R, min

		Control (n=4)

		7.8 ± 2.0

		13.3 ± 1.7



		

		Treated (n=8)

		6.6 ± 0.9

		16.0 ± 2.0a



		K, min

		Control (n=4)

		1.9 ± 0.2

		2.2 ± 0.6



		

		Treated (n=8)

		1.9 ± 0.3

		2.9 ± 0.6



		Alpha, degrees

		Control (n=4)

		63.0 ± 3.1

		57.7 ± 7.1



		

		Treated (n=8)

		63.3 ± 3.5

		51.2 ± 4.9



		MA, mm

		Control (n=4)

		63.0 ± 5.2

		37.4 ± 8.7



		

		Treated (n=8)

		62.1 ± 2.2

		43.2 ± 6.3





aSignificant difference (p< 0.05) between treated and control, t-test for unpaired samples, unequal variance


4.0  
clinical Studies: Results from First Recovery and Survival Study

The Mirasol System for Whole Blood has been tested in a feasibility clinical study (the IMPROVE study) with healthy volunteers, under an FDA-approved Investigational Device Exemption (IDE) and with funds from the U.S. Department of Defense. The overall objective of the IMPROVE Study was to establish the correlation between in vitro measures of cell quality and in vivo recovery and survival of radiolabelled cells in circulation.  These correlations were derived by comparing  three different illumination energies and subsequent extended storage for 42 days. In the study, each healthy volunteer donated one unit of whole blood. The unit of whole blood was not leukoreduced, and was treated with the Mirasol System and then separated into components (pRBCs in AS-3, platelet concentrates (PC), and fresh frozen plasma (FFP)). Each component was stored at the appropriate storage condition: 4oC for pRBCs, 22oC for PC, and -20oC for FFP. All components were sampled on the day of preparation, and again at the end of storage (Day 42 for RBCs, Day 5 for PCs, and Day 28 for FFP). 


The in vitro testing performed on the units included assessments of WBC inactivation and evaluations of pRBC, PC, and FFP quality. For the in vivo portion of the study, each volunteer received an aliquot (~ 12 mL) of 51-chromium labelled RBCs that had been stored for 42 days after treatment with the Mirasol System. Blood samples from the volunteers were withdrawn during the first day post-infusion to determine the 24-hour recovery values, and for 4 weeks after infusion to determine survival of the labelled cells in circulation.

Spearman Correlations of > 0.7 were identified between 24-hour recovery values and two of the Day 42 in vitro variables: % hemolysis and ATP (Figure 12). The highest correlations (Rs > 0.7) with T50 Survival results were found with ATP and pCO2 (Day 42 values) (Figure 13).These observations were consistent with those reported previously for untreated red cells.10  
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Figure 12: Percent recovery of 51-chromium labelled RBCs as a function of ATP.
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Figure 13: Survival Half-Life of 51-chromium labelled RBCs as a function of ATP content.

Using the correlations observed in this study, combined with in vitro measures of cell quality following treatment with a UV light dose of  80J/mLRBC and storage at RT, it is possible to predict the performance of the treated red cells and evaluate this relative to FDA standards for red cell performance (Figure 14). This standard requires a recovery in circulation of 75% of the transfused cells at 24 Hours post-infusion.  The accuracy of this predicted outcome will be verified through additional clinical evaluation of the product in both healthy subjects and patients.
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Figure 14: Predicted recovery of Mirasol-treated RBCs during room temperature storage after treatment with the Mirasol System for Whole Blood and 80 J/mLRBC UV light energy.

5.0  
summary/conclusion

A method to treat whole blood to reduce the infectious load of viruses, bacteria and parasites is in development. This technology can have tremendous utility in the military field hospital setting, providing a means to greatly improve the safety and supply of blood for combat casualty care. This device, known as the Mirasol System for Whole Blood, is intended for use in the field setting where conventional methods of blood banking are not practical or feasible but where the need for safe blood products to support casualty care is significant.  This approach may supplement existing test methods and act as an added barrier against disease transmission in the combat support setting, where testing may be unavailable, impractical or not feasible. Similarly, the ability of this process to inactivate donor WBC has the potential benefit of reducing or eliminating several adverse events mediated by donor WBC in transfused blood.  This technology may thus serve as a means to practically and efficiently deliver blood products equivalent to or even exceeding the safety available from tested, leukoreduced and gamma irradiated components commonly employed in the civilian setting, thus delivering a premium of care in the field to injured combatants.  
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Abstract


Uncontrolled hemorrhage is the leading cause of death of soldiers in wartime. Quickly accessing and stabilizing the wound with effective hemostatic techniques is the key to saving lives on the battlefield. There exists a need for a hemostat that is efficacious in achieving hemostasis in severe traumatic combat wounds and easy to apply. 


The ChitoGauze dressing is composed of polyester/rayon blend non-woven medical gauze that is coated with chitosan. The four inch by four yard (4” x 4 yds) dressing is z-folded and packaged in a peelable foil pouch and is terminally sterilized.  The hemostatic properties of chitosan enhance the ability of the medical gauze to control bleeding. ChitoGauze also offers antibacterial properties against a wide range of gram positive and gram negative organisms, including methicillin resistant Staphylococcus aureus ATCC33591 (MRSA), Enterococcus faecalis ATCC51299 (VRE) and Acinetobacter baumannii ATCC15308.


In this study, we evaluated the hemostatic efficacy of two advanced hemostatic wound dressings: ChitoGauze™ (HemCon Medical Technologies Inc., Portland, OR) and QuikClot® Combat Gauze™ (Z-Medica Co., Wallingford, CT), in a swine femoral arterial injury model. Surgical information including body weight, pre-treatment blood loss, vessel size and MAP change were similar between the two treatment groups. Average post treatment blood loss over three hours or survival was less in the ChitoGauze group than the Combat Gauze group (430 mL vs. 1180 mL). In the ChitoGauze group, seven (87.5%) animals achieved hemostasis and survived with minimal blood loss or oozing. Only two (25%) animals achieved immediate hemostasis and five (63%, p = 0.04) survived in the three hours observation time in the Combat Gauze group. In the survived animals, five out of seven animals had complete hemostasis in first attempt using the ChitoGauze; two out of five animals achieved hemostasis in first attempt with the Combat Gauze. Average time to achieve complete hemostasis in the survived animals was three minutes with the ChitoGauze and 12 minutes using Combat Gauze.


Both ChitoGauze and Combat Gauze demonstrated hemostatic effectiveness in this lethal extremity hemorrhage model. Both dressings were easy to apply into the femoral wound geometries. While both bandages performed similarly in this small sample, we did note a trend toward more blood loss among the successful Combat Gauze applications as compared to ChitoGauze. ChitoGauze had greater success in achieving immediate hemorrhage control with less blood loss than Combat Gauze in this model.


Introduction


Uncontrolled hemorrhage is the leading cause of fatality of soldiers in time of war [1].  Many wound dressings have been developed for use in emergency traumatic situations and potentially fatal haemorrhages.  Two of the original haemostatic dressings were the HemCon 4in x 4in chitosan pad (HemCon Medical Technologies Inc., OR) and the QuikClot Zeolite mineral-based powders (Z-Medica Co. CT) [2].  


Several novel topical hemostatic dressings have been developed many ustilising different delivery systems and different haemostatic agents. [3], [4], [5], [6], [7], [8] and [9].  Currently the two primary types being utilised are chitosan or zeolite mineral based.  When zeolite comes into contact with blood, it rapidly adsorbs water from the blood and holds the water molecules in the pores by hydrogen bonds [6]. According to Z-Medica Corp. literature, this has the effect of locally concentrating the proteins and cellular elements to further catalyze clot formation. Additionally, the nano-engineered negative charge surface beads provide key surface chemistry, rapidly activating the coagulation process [10] and [11].


The polycationic nature of chitosan is such that the substance possesses natural antimicrobial properties [11], and the use of chitosan acetate also allows for the material having two highly desirable properties in a dressing in hemostasis and antibacterial activity.  HemCon produced a freeze dried pad of chitosan acetate that was the hemostatic choice of the US military for a number of years and it demonstrated itself to be a safe and efficacious product [17].  Also importantly it moves away from the freeze dried pad product to fabric gauze that is already familiar to care providers. HemCon has now created and released an improved next generation hemorrhagic bleeding dressing for use as an emergency traumatic situation dressing and for potentially fatal haemorrhage applications called ChitoGauze.


HemCon ChitoGauze stops hemorrhagic bleeding by controlling the rate of blood flow through the dressing and allowing for significant erythrocyte and platelet interaction with the uniformly chitosan coated surface. ChitoGauze is optimized to maximize hemostatic performance. The robust uniformly applied chitosan coating on the gauze, allows for significant chitosan blood interaction in conjunction with optimized fluid handling performance. The chitosan coated surface of ChitoGauze helps to retard blood flow through the dressing thereby diminishing rapid bleeding. The chitosan coating on the gauze further reduces blood loss by helping to adhere the dressing to the wound site providing a physical barrier to prevent bleeding. Significant aggregation of erythrocytes and activation of platelets promotes localized clotting within and on the gauze to stop bleeding.


ChitoGauze provides effective hemostasis outside of the body's normal clotting cascade and has natural antibacterial properties. Unlike the previous HemCon freeze dried pad, ChitoGauze is highly flexible and suitable for easy application to superficial as well as deep and narrow wounds. It readily conforms to wound surfaces with complex geometries to allow efficient staunching of all bleeding. The ChitoGauze dressing is also designed to aid with rapid deployment to the wound by a z-folded configuration that speeds application time when hemostasis is critical.


The purpose of this study was to compare ChitoGauze and Combat Gauze (Figure 1), with a lethal femoral arterial injury in a swine model.  
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Figure 1: ChitoGauze™ (HemCon Medical Technologies Inc., Portland, OR) 
and QuikClot Combat Gauze™ (Z-Medica Co., Wallingford, CT).


Methods


In vivo animal study:

Animal Preparation

All testing was carried out on healthy castrated Yorkshire crossbred male swine with an average weight of 37±3 kg according to previous description.4? The experiments were performed in accordance with the 1996 Nation Research Council, “Guide for the Care and Use of Laboratory Animals” and applicable Federal regulations. The animal protocol was approved by the Institutional Animal Care and Use Committee at the Legacy Clinical Research and Technology Center (LCRTC) of Legacy Health System.


Sixteen swine were cycled in this study. Animals were fasted starting the evening prior to the surgical procedure with water allowed ad libitum. The animals were premedicated at approximately 30 minutes prior to anesthesia induction with Glycopyrrolyte (0.01mg/kg) through intramuscular injection for blocking vagal stimulation and were then transported to the prep room and injected with Telazol at 4-6 mg/kg. Isoflurane was given up to 5% in 100% oxygen via face mask. The animal was intubated, and an ear catheter and a jugular line were placed for resuscitation. The animal then was connected to the respirator machine with 1-2% Isoflurane in 100% oxygen. Buprenorphine at a dose of 0.025 mg/kg was injected intramuscularly. The ventilation setting was adjusted in maintaining the end tidal PCO2 between 38-42 mmHg. Anesthesia was maintained with 1% to 2% isoflurane added to oxygen by the ventilator. Lactated Ringer’s (LR) maintenance fluid was administered at 5ml/kg/hr through a venous line placed in an ear vein. The temperature of the swine was maintained at 37 ºC - 39 ºC (98.6 ºF – 102.2ºF).


After induction of general anesthesia, the swine was placed in the dorsal recumbent position. A splenectomy was performed via midline laparotomy to minimize any hematological changes that may occur from autotransfusion by contractile spleen. The removed spleen was weighed and warm LR solution (37 ºC) was given three times the splenic weight to replace the approximate volume of blood contained in the spleen. A cystostomy was performed for the drainage of urine. The abdomen incisions were then closed with conventional suturing and stapling.


Surgical Procedure


The swine was secured to allow a flat exposure of the injured leg. An approximate 10-15 cm skin incision is made over the groin area and overlying adductor longus muscle is excised to exposure the femoral canal. Then, 5-cm of femoral artery is dissected free from surrounding tissues. The vessel is bathed in a 2% lidocaine solution for vessel dilation. After replacement fluid is administered for splenectomy, the animal is then preconditioned at mean arterial pressure (MAP) above 65 mmHg, PCO2 between 38-42 mmHg, body temperature at 37 ºC - 39 ºC, and femoral artery diameter larger than 6-mm for a 10-minute stabilization prior to create the femoral injury. If initial MAP was less than 65 mmHg, Hextend was administered intravenously to elevate the pressure. To create the injury, the proximal and distal ends of the femoral artery were clamped and an arteriotomy made on the anterior wall of the femoral artery using a 6.0 mm IBC vascular punch by a second surgeon. 


The swine were equally divided into two groups to receiving either ChitoGauze or Combat Gauze for hemostasis. The primary surgeon (applicator) was blinded to the wound site and hemostatic agents. After vessel clamps are released, free bleeding is allowed for 45 seconds. Then the primary surgeon directly applies the dressing into the wound through a pool of blood and holds compression for 2 minutes.  The blood loss during the 45-seconds bleeding and excess blood during the application were collected with suction. Vital signs including MAP and pCO2 are monitored at 15 minutes interval.  The study allowed one time re-application. If the first application was failure (immediate bleeding) within three minutes, the second surgeon would removed the first dressing and clean out remaining clot and the primary surgeon applies a second dressing into the wound according to the first application (into a pool of blood). If there was no immediate bleeding in first application or after second application, the animal was followed-up for 3-hours observation. Resuscitation begins 30 seconds after dressing application with 500mL of Hextend fluid at 100 mL/min. Following the infusion of Hextend, fluid resuscitation is continued if necessary with pre-warmed LR infused at 100mL/min, to raise the MAP to 65 mmHg. When 65 mmHg is reached, discontinue fluids until pressure drops below 60 mmHg. A maximum of 12L of LR infusion was allowed.


The primary measured outcomes were the immediate hemostasis, total blood loss in three hours, survival rate after dressing rescue. Secondary endpoints were average number of applications, time to hemostasis, change of mean arterial pressure, volume of the 45-seconds pre- blood loss, and size of injured femoral artery.


Statistical Analysis

Categoric variables were analyzed with a chi-squared test unless the value in any cell was less than 5 and then a Fisher exact test was used. A Student t test was used to compare the means of the 2 groups. Any data that did not follow a normal distribution were analyzed with a nonparametric analysis (Mann–Whitney U test). Statistical significance was defined as a P value of less than 0.05.


Results


Sixteen animals were divided into two groups receiving either Combat Gauze or ChitoGauze treatment for hemostasis.   Surgical information including body weight, pre-treatment blood loss, vessel size and the change of mean arterial pressure (MAP) were recorded and as can be seen in Table 1, both groups had similar baseline characteristics and blood loss after 45 seconds of uncontrolled hemorrhage.  These baseline characteristics are presented in graphical format in Figures 2 and 3.


In the ChitoGauze group, seven (88%) animals achieved hemostasis and survived the 3 hr observation period without appreciable post-compression blood loss or oozing (Figure 4) whereas 5 (63%) of the Combat Gauze group survived. 


Table 1: Swine pre-treatment characteristics.

		

		Combat Gauze

		ChitoGauze



		Weight (kg)

		40 ± 3

		41 ± 2



		Artery Width (mm)

		6.19 ± 0.26

		6.06 ± 0.18



		45-s blood loss (ml)

		736 ± 147

		676 ± 160



		ΔMAP (mmHg)

		36 ± 6

		33 ± 6





Data are expressed as means ± SD. MAP = mean arterial pressure. Data are expressed as means ± SD.


Table 2: Hemostatic Efficacy Results.

		

		Combat Gauze

		ChitoGauze



		n

		8

		8



		3 hr Survival

		5/8 (63%)

		7/8 (88%)



		Immediate Hemostasis *

		2/8 (25%)

		5/8 (63%)



		Time to Hemostasis (min) §

		38 ± 42

		12 ± 29





§ Data are expressed as means ± SD. 


*Defined as hemostasis on first application out of two possible applications
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Figure 2: Surgical information including pre-treatment blood loss (A), body weight (B), 
were similar between the two treatment groups. Combat Gauze □ ChitoGauze ■.
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Figure 3: Surgical information including vessel size (A), the change of mean arterial pressure (MAP) (B), were similar between the two treatment groups. Combat Gauze □ ChitoGauze ■.

In the ChitoGauze group, 5 (63%) achieved immediate hemostasis while only two (25%, p = 0.04) animals achieved immediate hemostasis in the Combat Gauze group (Figure 5).  The mean time to hemostasis for the Combat Gauze group was 38 minutes while the mean time shown by the ChitoGauze group was 12 minutes. The average post treatment blood loss over three hours, presented in Figure 7 was less in the ChitoGauze group than the Combat Gauze group (434 ml vs. 1176 ml).  


3 Hour Survival
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Figure 4: The difference in hemostatic efficacy between the Combat Gauze and Chitogauze 
as measured by 3 hr survival is shown.  Combat Gauze showed a 5/8 (63%) 
survival rate and ChitoGauze showed a 7/8 (88%) survival rate.


Immediate Hemostasis
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Figure 5: The difference in hemostatic efficacy between the Combat Gauze and Chitogauze as measured by immediate hemostasis is shown.  Combat Gauze showed a 2/8 (25%) immediate hemostasis effect and ChitoGauze showed a 5/8 (63%) immediate hemostasis effect.


Mean Time to Hemostasis
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Figure 6: The difference in hemostatic efficacy between the Combat Gauze and Chitogauze as measured by mean time to hemostasis is shown.  Combat Gauze showed a mean time to hemostasis of 38 minutes and ChitoGauze showed a mean time to hemostasis of 12 minutes.


Table 3: Blood loss and intravenous fluids.

		

		Combat Gauze

		ChitoGauze



		Post-injury blood loss (ml)

		1176 ± 1374

		434 ± 1130



		Total-study blood loss (ml)

		1913 ± 1433

		1110 ± 1029





Data are expressed as means ± SD


Post Compression Blood Loss 
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Figure 7: The difference in hemostatic efficacy between the Combat Gauze and Chitogauze as measured by blood lost during treatment is shown.  Combat Gauze showed a mean blood loss of 1,176 ml of blood and ChitoGauze showed a mean blood loss of 434 ml of blood.
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Figure 8: Images show a typical hemostatic effectiveness of ChitoGauze (Left) and Combat Gauze (Right) in the femoral arterial injury model. The ChitoGauze has the capability to 
achieve immediate hemostasis. The Combat Gauze usually established 
hemostasis following gradual reduction of haemorrhaging. 


Table 4: Hemostatic Results from swine that survived the 3 hours observation period.

		

		Combat Gauze

		ChitoGauze



		n

		5

		7



		Post-injury blood loss (ml)

		216 ± 368

		36 ± 94



		Time to Hemostasis (min) §

		12 ± 18.7

		2 ± 4.9





§ Data are expressed as means ± SD.


The efficacy results from the animals that survived the 3 hours observation period were also examined for insight into the two gauze products differing modes of action.  In the survived animals, five out of seven animals had complete hemostasis in the first attempt using the ChitoGauze; two out of five animals achieved hemostasis in the first attempt with the Combat Gauze.  The average time to achieve complete hemostasis in the survived animals was two minutes with the ChitoGauze and 12 minutes using Combat Gauze (Figure 9).  The average post compression blood loss over three hours for the survived animals was 216 ml for the Combat Gauze group and 36 ml for the ChitoGauze group (Figure 10).


Time to Achieve Complete Hemostasis
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Figure 9: The difference in hemostatic efficacy between the Combat Gauze and Chitogauze as measured by mean time to hemostasis for the swine that survived the 3 hours observation period is shown.  Combat Gauze showed a mean time to hemostasis of 12 minutes 
and ChitoGauze showed a mean time to hemostasis of 2 minutes.


Mean Blood Loss for Survival Animals
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Figure 10: The difference in hemostatic efficacy between the Combat Gauze and Chitogauze as measured by blood lost during treatment is shown for the swine that survived the 3 hours observation period.  Combat Gauze showed a mean blood loss of 216 ml of blood 
and ChitoGauze showed a mean blood loss of 36 ml of blood.


Discussion


Many military groups have sought to reduce the mortality from haemorrhage at various stages of the casualty treatment pathway by introducing many new original treatments.  The fundamental hope of these treatments is the commencement of haemodynamic stabilization of the casualty as far forward on the battlefield as possible. Ideally this hemorrhage control commences at the buddy/self-care line of combat use.  ChitoGauze and Combat Gauze are two hemostat impregnated fabric-based hemostatic dressings that clearly show significant potential for battlefield deployment.  We have tested them in 6 mm arterial punch to challenge the hemostatic dressing to control bleeding. Overall performance of these dressings according to survival and post-treatment blood loss was measured along with a number of other important efficacy parameters.


Both dressings demonstrated good overall survival with ChitoGauze resulting in an 88% swine survival for the 3 hour observation period.  Combat Gauze demonstrated a 63% overall survival time.  These results for Combat Gauze are consistent with previously published survival results [13].  The measurement of immediate hemostasis provided an interesting observation in that 63% of the ChitoGauze group stopped bleeding immediately while only 25% of the Combat Gauze stopped bleeding immediately.  This distinction is further evidenced by the mean time to hemostasis with the average ChitoGauze time of 12 minutes versus the Combat Gauze value of 38 minutes. 


The similar survival results seen, but with disparity in immediate hemostasis time and time to hemostasis, point to different modes of action for ChitoGauze and Combat Gauze.  Mechanism of action of these dressings may well be related with their absorption and clotting abilities.  Our clinical observations support this hypothesis in that the Combat Gauze generally absorbed blood on contact with the wound thus allowing mixing of the blood with the impregnated hemostatic agent (kaolin).  This is consistent with similar observations made by Arnaud et al. [13].  ChitoGauze visibly does not work by such a mechanism.  The interaction of the chitosan coated gauze surface with the wound initally seals the wound and immediately helps to retard blood flow through the dressing thereby diminishing rapid bleeding.  The chitosan coating on the gauze further reduces blood loss by helping to adhere the dressing to the wound site providing a physical barrier to prevent bleeding.  Subsequent to the non-clotting cascade related mode of stopping blood loss, ssignificant aggregation of erythrocytes and activation of platelets promoted by the chitosan can take place helping with the prevention of rebleeding.  As noted by Arnaud et al. [13] and others the fabric material from which the gauze is manufactured is an important element of the gauze functionality and the fluid handling properties of the flexible fabric used in ChitoGauze support the sealing of the wound site to diminish blood loss.

The results of this study sustain the different modes of action of the two products discussed.  The average post application blood loss for the ChitoGauze group was 434 ml whereas the average Combat Gauze blood loss was 1176 ml.  When we further analyzed the animals that survived the 3 hr observation period only it could be seen that the average ChitoGauze blood loss was only 36 ml whereas the average Combat Gauze value was 216 ml.  This represents a 6 fold difference in the quantity of blood lost in the survived animals.  With hemorrhage induced blood loss being the single major cause of death in potentially salvageable battlefield casualties [14] such a difference in blood loss data between the two tested products is noteworthy.


As mentioned previously, chitosan has antibacterial properties and as such, the original HemCon Bandage had broad spectrum antibacterial action including efficacy against both gram positive and gram negative bacteria.  The HemCon ChitoGauze dressing was also produced with such antibacterial action.  Although mortality from battlefield wounds has historically declined, war trauma associated infection (WTAI) is still an important issue [15] [16].  One of the key challenges facing military and civilian researchers remains the problem of multidrug-resistant organisms and ChitoGauze brings an effective ability to combat many of these bacteria (Figure 11). 


[image: image12.emf]

Figure 11: ChitoGauze™ was tested for reduction of microorganisms against the following species. The log reduction data demonstrates the level of antibacterial effectiveness.


CONCLUSION


Both ChitoGauze and Combat Gauze demonstrate hemostatic effectiveness in this lethal extremity hemorrhage model. Both dressings were easy to apply into the femoral wound geometries. While both bandages performed similarly in this small sample, we did note a trend toward more blood loss among the successful Combat Gauze applications as compared to ChitoGauze. ChitoGauze had greater success in achieving immediate hemorrhage control with less blood loss than Combat Gauze in this model.
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ABSTRACT

Introduction


Recent data from current conflicts indicate that a significant proportion of severely injured military casualties result from explosive events.  Although these are evacuated to surgical care as quickly as possible, extended evacuation is sometimes enforced.  Significant logistical and potential physiological advantage might be attained by employing low volume resuscitation with hypertonic intravenous fluids.  Current military practice for initial far-forward resuscitation involves hypotensive resuscitation with isotonic crystalloids.  We have reported, based on a porcine model of severe haemorrhage that prolonged hypotensive resuscitation causes substantial physiological deterioration.  A hybrid strategy (using 0.9% saline) of initial hypotensive (60 min) followed by normotensive resuscitation offered significant physiological benefit after haemorrhage alone and significantly better survival after combined haemorrhage and blast injury.  


Rationale


To examine the potential role of hypertonic saline dextran (HSD) in a hybrid hypotensive/normotensive resuscitation strategy after haemorrhagic shock alone and combined with blast injury.


Method


31 Large White pigs were terminally anaesthetised with alfaxalone (5-10 mg/kg/h).  Two injury patterns were simulated:


1) Haemorrhagic shock (controlled loss of 35% blood volume and uncompressed Grade IV liver injury);


2) Explosive injury (same haemorrhage/liver injury preceded by exposure to a blast shock wave resulting from the detonation of a bare explosive charge).


Animals from each group were then resuscitated using the hybrid strategy (see above) where resuscitation was initiated with either HSD (7.5% saline / 6% dextran 70) or 0.9% saline (NS).  The total amount of HSD was limited to 7.1 ml/kg and any subsequent resuscitation continued with 0.9% saline.


The protocol consisted of four groups: Group 1 (n=7) haemorrhage/HSD; Group 2 (n=11) blast/
haemorrhage/HSD; Group 3 (n=6) haemorrhage/NS; Group 4 (n=7) blast/haemorrhage/NS.  The primary endpoint was survival up to 8h after the onset of resuscitation.


Results


Blast injury resulted in significant pulmonary compromise (PaO2 8.3±0.3 & 8.7±0.5 Groups 2 & 4 vs 9.6±0.3 & 9.5±0.5 kPa Groups 1 & 3 mean±SEM).  HSD was associated with a significantly reduced survival time (Kaplan-Meier survival analysis, Wilcoxon method) in the blast/haemorrhage groups (mean [95% CI], 208[77-339] vs 398[247-550] min respectively in Groups 2 & 4, P=0.04), but not in the groups subjected to haemorrhage alone (480[all survived] vs 448[393-502] min respectively in Groups 1 & 3, P=0.11).  In the absence of blast injury HSD did confer some physiological advantage, with a reduced base deficit throughout the resuscitation period (e.g. arterial base excess after 60 min resuscitation -3.1±1.3 vs -9.0±3.1 mM Groups 1 & 3), but not after combined blast and haemorrhage (-13.9±1.4 vs -13.5±2.3 mM, Groups 2 & 4).  In blast-injured animals given HSD (Group 2) the majority of early (<8h) deaths occurred within the first 60 min of resuscitation (5/7) in contrast to Group 4 where none of the early deaths were within the first 60 min.  


Conclusions


Although HSD did show some physiological benefit after haemorrhage in the absence of blast injury, survival time was significantly shorter when animals were initially resuscitated with HSD after combined blast and haemorrhage.  HSD should therefore be contraindicated when significant primary blast injury complicates haemorrhage.  


1.0
Introduction

1.1
Introduction

Haemorrhage remains the leading cause of battlefield deaths [1] and the second leading cause of early death after civilian trauma [2].  Currently a high proportion of military battlefield injuries are the consequence of explosive events e.g. detonation of improvised explosive devices (IEDs) [3; 4] with recent reports indicating that 78-79% of casualties result from explosions.  There are also instances of civilians being injured by explosives, with mass casualties resulting form terrorist attacks [5-8].  Once catastrophic haemorrhage has been arrested [9] fluid resuscitation is often needed to sustain life until the casualty is evacuated to surgical care.  Military evacuation timelines can differ significantly from those normally found in civilian settings.  Although evacuation times in mature military operations are predominantly short, as are now being seen in Afghanistan, timelines in less mature settings (as we have seen recently[10; 11]) can be considerably longer.  Responsive resuscitation strategies such as the UK Battlefield Advanced Trauma Life Support (BATLS [12]) have therefore been developed to accommodate situations where evacuation timelines are extended and accounting for military injuries.  In addition, these concepts may be applicable to civilian settings e.g. after terrorist bombings where there is often disruption to infrastructure and security issues relating to secondary devices resulting in delayed evacuation.  


A key feature of far-forward fluid resuscitation of hypovolaemic casualties is the maintenance of an acceptable oxygen delivery to sustain life, and if possible to limit physiological deterioration while minimising the risk of disrupting nascent blood clots, causing re-bleeding as the casualty is evacuated to surgical care.  A number of authorities advocate the use of ‘hypotensive’ resuscitation where fluid is limited or withheld to deliberately allow blood pressure to remain below normal levels and many military and civilian medical services now resuscitate casualties to a target systolic blood pressure of approximately 80 mm Hg (a palpable radial pulse in humans) [12; 13].   However, this approach is not without penalty since prolonged hypotension can result in poor tissue perfusion and ischemic damage [14; 15] and the clinical evidence supporting hypotensive resuscitation is based on relatively short evacuation times to surgical care e.g. 75 min reported by Bickell et al [16].  


We have recently shown that when arterial oxygen content is reduced after primary blast lung injury, the additional reduction in tissue oxygen delivery during hypotensive resuscitation becomes unacceptably low and mortality increases rapidly after the first hour of resuscitation [15].  A compromise is therefore needed between several variables and has to evolve as the balance of risk changes.  This is the basis of the current BATLS strategy [12].  Initial resuscitation (for the first hour) is conducted to a hypotensive endpoint to minimize risk of blood clot disruption.  During this time the clot begins to stabilise, attaining >80% of its ultimate tensile strength during the first hour and therefore becoming more resistant to disruption.  If the casualty has not arrived at a surgical facility consideration is then given to limit the risk of death from physiological compromise, which has been developing during the first hour.  Subject to a clinical evaluation of the balance of risk,  after the first hour arterial blood pressure may be elevated (with additional fluid) to improve tissue blood flow before the effects of tissue ischaemia become overwhelming.  However, by this time the clot has strengthened and is more likely to withstand the elevated blood pressure.  This novel hybrid resuscitation strategy (NH) of initial hypotensive followed by normotensive resuscitation using 0.9% saline has been shown to significantly increase survival times (compared to prolonged hypotensive resuscitation) after combined primary blast injury and controlled/uncontrolled haemorrhage (simulating secondary blast injury) [17].  Although there was no apparent survival advantage with the NH strategy after haemorrhage in the absence of blast injury, since survival was already high with hypotensive resuscitation, NH did result in very significant physiological advantage by reversing a clinically significant metabolic acidosis [17].  There was no evidence of increased secondary blood loss with NH compared to hypotensive resuscitation in the model used which incorporated an uncompressed Grade IV liver injury [17].


The initial demonstration of NH resuscitation utilised 0.9% saline as the only resuscitation fluid.  It is possible that further advantage could be gained by initiating resuscitation with a hypertonic solution e.g. hypertonic saline dextran (HSD).  Hypertonic solutions have been advocated for far forward military resuscitation [18] since they possess a significant logistical benefit in terms of reduced weight burden; 250 mL of HSD is reputed to be equivalent to 3 L of 0.9% saline with respect to early plasma volume expansion.  Hypertonic solutions are also known to dampen the systemic inflammatory response that develops after trauma and which is thought to be part of the aetiology underlying later complications [19-22].  This benefit of HSD has been shown in a number of clinical studies [21-23].  In addition, hypertonic solutions have been shown to confer microcirculatory benefit, possibly improving the distribution of blood flow in tissue [24].  Consistent with this, in an early study we found that HSD reduced the metabolic acidosis during hypotensive resuscitation after haemorrhage alone [25].  Unfortunately this beneficial effect was not apparent after combined blast injury and haemorrhage, possibly because the microcirculatory effect was simply not sufficient to overcome the very poor tissue oxygen delivery due to combined low arterial oxygen content (due to blast lung) and low flow (due to the hypotension) [25].  However, with a resuscitation strategy that promotes better tissue perfusion the beneficial effects of HSD may be apparent after combined blast injury and haemorrhage.


The aim of the present study was to determine whether HSD, as part of a resuscitation strategy employing the NH blood pressure profile (initial hypotensive followed by normotensive resuscitation), is at least as effective as 0.9% saline in relation to survival.  Furthermore, we sought to determine whether HSD was superior to 0.9% saline with respect to physiological changes by limiting the initial deterioration in acid base status during the hypotensive phase of resuscitation and enhance the acid base improvement during the normotensive phase.


2.0
Methods


The study was conducted on terminally anaesthetized crossbred Large White pigs (41-57 kg) and was ethically reviewed and conducted in accordance with the Animals (Scientific Procedures) Act, 1986. The animals were housed indoors and were fed on a complete wheat-soya based ration at 1.5–1.7 kg per day. They were allowed water ad libitum.  


2.1
Surgical Preparation

The animals were fasted for 18 hours before the surgical procedure, but allowed water ad libitum.  After pre-medication with intramuscular midazolam hydrochloride (0.1 mg/kg) anaesthesia was induced by mask with isoflurane (5%) in a mixture of oxygen and nitrous oxide (1:1) and the animals intubated.  Surgical anaesthesia was subsequently maintained with isoflurane (1–2 %) in a mixture of oxygen and nitrous oxide (1:2).  Initial monitoring consisted of end-tidal CO2, pulse oximetry via a tail probe and skin surface electrocardiogram electrodes (Propac 106EL, Protocol Systems Inc., Oregon).  With the animal positioned supine surgical preparation took place after skin preparation with povidone-iodine solution (10% w/v, Betadine Aqueous Antiseptic Solution, Seaton Healthcare Group plc, UK).  


The left carotid artery, both internal jugular veins, left femoral artery and vein were cannulated (Portex 8FG, Hythe, UK).  A balloon tipped flow-directed cannula (744MF75 Swan Ganz, Edwards Life Sciences Ltd, Newbury, UK) was introduced via a right internal jugular vein cannula introducer sheath, (Desivalve Catheter Introducer, Vygon, Cirencester, UK) and advanced until its tip was in the pulmonary artery.  Cannula placement was determined by monitoring pressure changes at the tip.    


Once venous access had been established anaesthesia was maintained with intravenous alphaxolone (Alphaxan, Vetoquinol UK Ltd, UK) and the isoflurane discontinued.


A midline laparotomy was performed, the spleen contracted by topical application of adrenaline (up to 1.5 ml of a 1 mg.ml-1 solution) before removal.  A surgical snare was inserted into the left medial lobe of the liver for later induction of a Grade IV liver injury, and the snare exteriorized via the laparotomy.  The bladder was catheterized by open suprapubic cystostomy.  All incisions were closed en masse.  Animals were allowed to breathe spontaneously for the remainder of the experiment unless they displayed marked respiratory depression, at which stage Synchronized Intermittent Mandatory Ventilation (SIMV) was instituted in an attempt to maintain adequate oxygenation and prevent severe hypercapnoea.  The animals recovered from surgery under anaesthesia for one hour before baseline measurements were made during which time they were transported to the physiological monitoring suite near the explosives arena.


2.2
Cardiovascular Monitoring

Arterial blood pressure was recorded via the carotid artery cannula and pulmonary arterial and central venous pressures were recorded via the flow-directed balloon-tipped flotation catheter.  Physiological pressure measurements were made using strain gauge manometers (Sensonor 840, SensoNor a.s., Norway) and zero pressure for all transducers was set at heart level.  Body temperature was maintained at approximately 38(C using external heating/cooling and blankets as appropriate.  The bladder was drained at hourly intervals.


All cardiovascular variables were recorded using a computerized data acquisition system (Maclab 8/s, ADInstruments, UK) and associated software (Chart v4.2.3, ADInstruments, UK) for subsequent analysis.


2.3
Blood Gas and Related Chemistry

Arterial and venous blood samples were taken anaerobically into heparinised syringes from the carotid and pulmonary artery catheters respectively for blood gas, base excess and lactate analysis (Gem Premier 3000 Blood Gas Analyzer, Instrumentation Laboratories, Warrington, UK).  


2.4 
Experimental Protocol

The development of the baseline model of primary blast injury and haemorrhage used in this study is described in detail elsewhere [26].  This model has been further adapted for the present study by the addition of the liver snare and later induction of a Grade IV liver injury to allow an incompressible haemorrhage and the capacity to re-bleed during resuscitation.  The animals were randomly allocated to one of four groups at the outset: Group 1 (n=7) haemorrhage/HSD; Group 2 (n=11) blast/haemorrhage/HSD; Group 3 (n=6) haemorrhage/NS; Group 4 (n=7) blast/haemorrhage/NS where the initial resuscitation fluids were either hypertonic saline dextran (HSD) or 0.9% saline (NS).    The protocol is summarised in Figure 1.  One hour after the end of surgery three cardiovascular measurements were made 5 minutes apart and paired arterial and mixed venous blood gas samples taken at the time of the first and third baseline cardiovascular measurement.  After the baseline measurement the animals were moved outdoors, wrapped in a Kevlar blanket to protect from secondary and tertiary blast effects and positioned on a trolley 2.15 m from a cylindrical charge of EDC1S explosive (2.2 kg) which was then detonated remotely. Animals subjected to sham blast were treated identically but not exposed to blast.
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Figure 1: Experimental protocol which commenced approximately 1 hour after the 
end of surgery.  CH, controlled hemorrhage; BV, total estimated 
blood volume; SBP, systolic arterial blood pressure.


Immediately after the blast (or sham blast) the animal was returned to the physiological monitoring suite and twenty minutes later, all animals were subjected to a controlled haemorrhage of 30% of their estimated total blood volume (B0; Equation 1) over 4 minutes via the femoral arterial cannula, using a computer-controlled pump (Masterflex® L/S® model 7550-17, Cole Palmer Instrument Company, Chicago, IL).  The rate of bleeding reduced exponentially as the haemorrhage progressed (Equation 2) to mimic the rate of haemorrhage from a major arterial lesion.


B0 = 161.4751(W-0.2197)

Equation 1  Equation used to estimate total blood volume.[27] B0 = total blood volume (ml.kg-1) and W = body weight (kg).


V = B0(1-e-0.04t)


Equation 2  Rate of blood loss during controlled haemorrhage.[28]  V, total blood loss at time t in ml.kg-1; B0, initial blood volume in ml.kg-1; t, % time until death; B0, initial blood volume.


Following haemorrhage, the animals underwent a 5-min shock period where no treatment was administered before commencement of fluid resuscitation (time = T0) (Figure 1).  


Both resuscitation protocols utilized an identical blood pressure profile based on the novel hybrid approach; hypotensive resuscitation (target systolic arterial blood pressure, SBP, 80 mmHg) for the first hour and thereafter a normotensive target (SBP 110 mmHg).  All animals were subjected to a simulated re-bleeding episode by controlled removal of 5% total estimated blood volume 28 min into the resuscitation phase.  The difference between resuscitation strategies resides in the initial fluid used for resuscitation.  The control groups were resuscitated with 0.9% saline (3 mL/kg/min) throughout.  In the HSD groups resuscitation was initiated with 7.5% hypertonic saline / 6% dextran (HSD, Rescue Flow, BioPhausia, Stockholm, Sweden) given in aliquots of 0.71 mL/kg at 1 mL/min/kg, with a lockout period of 2 min between doses to avoid rapid increases in arterial blood pressure and breaching of the target SBP.  The total amount of HSD was capped at 7.1 mL/kg (500 mL/70kg being the maximum recommended dose for military casualties [29]).  Thereafter resuscitation continued with 0.9% saline as in the control group.  In all groups aliquots of 0.9% saline or HSD were given as necessary to attain and maintain the target SBP.


Resuscitation fluid was administered according to the relevant protocol for 8 hours or until the animal died, if sooner.  Cardiovascular and blood gas measurements were made before and after haemorrhage, at T0 and then at 15 min intervals until 60 min after the onset of resuscitation (T60) and thereafter at 30 min intervals for the remainder of the study.   Arterial and mixed venous blood samples for blood gas analysis were taken at the same time points as the cardiovascular measurements until T120 and hourly intervals thereafter.


2.5
Primary Endpoint of the Study and Post-Mortem Assessments

The primary end point of the study was survival time (time until death) with death defined as a pulse pressure of 0 mmHg.  After attainment of the primary endpoint or survival to T480, a lethal overdose of sodium pentobarbitone (Euthatal, Merial Animal Health Ltd, Harlow, Essex) was administered intravenously.  The lungs were removed, areas of contusion noted and the lungs weighed for calculation of the lung weight index (lung weight/body weight).


2.6 
Statistical Analysis

All data are presented as mean(s.e.mean unless indicated otherwise.  Survival times were compared using Kaplan-Meier survival analysis (Wilcoxon method) and the data stratified with respect to blast or sham blast injury and analyzed using Minitab (v14).  Data from animals still alive after 8 hours were treated as right-censored.  Cardiovascular, blood gas and chemistry data were compared using two-way analysis of variance (ANOVA) with repeated measures over time.  Single time-point analyses were made using 2 way and 1 way ANOVA as appropriate.  In all cases a significance level of P(0.05 (two tailed) was used.


3.0
results

Baseline (pre-injury) values are shown in Table 1.  There were no significant differences between groups in the initial parameters (one way ANOVA).  Body temperature did not change significantly during the course of the study (two-way ANOVA with repeated measures for time).

Table 1: Initial values of physiological data and body weights.

		

		Group 1

		Group 2

		Group 3

		Group 4



		Body wt (kg)

		52.3±0.9

		49.3±0.9

		47.2±1.8

		49.3±1.4



		Temp ((C)

		38.7±0.2

		38.3±0.2

		37.5±0.2

		38.8±0.3





Blast injury resulted in significant respiratory compromise (PaO2 6.3±0.8 & 5.6±0.6 Groups 2 & 4 vs 9.5±0.4 & 9.6±0.5 kPa Groups 1 & 3) 2 min after blast exposure.  At this time the blast-injured animals were also hypercapnoeic (PaCO2 6.9±0.2 & 7.2±0.5 Groups 2 & 4 vs 5.9±0.2 & 6.3±0.3 kPa Groups 1 & 3) consistent with lung compromise and/or hypoventilation. Twenty minutes after blast there had been a partial resolution (PaO2 8.3±0.3 & 8.7±0.5 Groups 2 & 4 vs 9.6±0.3 & 9.5±0.5 kPa Groups 1 & 3) and PaCO2 had returned to normal levels (Figure 2), suggesting approximately normal respiration but some lung compromise.  
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Figure 2: Arterial oxygen tension (PaO2) and carbon dioxide tension (PaCO2)   in four groups of animals subjected to either sham blast (S) or blast (B), hemorrhagic shock and resuscitation initiated with either hypertonic saline dextran (HSD) or 0.9% saline (NS).  Mean values ( SEM.


3.1
Effect of HSD on Survival

HSD was associated with a significantly reduced survival time (Kaplan-Meier survival analysis, Wilcoxon method, Figure 3) in the blast/haemorrhage groups (mean [95% CI], 208[77-339] vs 398[247-550] min respectively in Groups 2 & 4, P=0.04), but not in the groups subjected to haemorrhage alone (480[all survived] vs 448[393-502] min respectively in Groups 1 & 3, P=0.11).  

[image: image3.png]100 ‘Sham HSD
—— HastHSD

‘Sham NH

(33 —— HatNH

025

Time from onset of resuscitation (min)






Figure 3: Kaplan-Meier survival plot for four groups of animals subjected to either sham 
blast (S) or blast (B), hemorrhagic shock and resuscitation to initiated with 
either hypertonic saline dextran (HSD) or 0.9% saline (NS).


3.2
Patterns of Response to HSD


Poor survival in the group subjected to combined blast injury and haemorrhage and subsequently resuscitation with HSD was due to poor responsiveness to HSD.  An example of a ‘good’ response to HSD is given in Figure 4a,b.  HSD can be seen to cause and initial, brief, fall in arterial blood pressure followed by a significant rise.  In both these cases two doses were required to attain the target SBP.  The individual animals shown in Figure 4a,b continued to respond well to HSD and survived, respectively for 480 any 467 min after onset of resuscitation.  By contrast, an example of ‘poor’ response to HSD is shown in Figure 4c.  This animal showed little response to HSD, the target SBP was not met despite repeated doses of HSD and the animal eventually succumbed within 21 min of the onset of resuscitation.  A more dramatic HSD failure is shown in Figure 4(di and dii).  Here the response to HSD was initially good and the target SBP was attained.  However, this was followed by a sudden collapse and death approximately 15 min after the onset of resuscitation, despite further attempts at fluid resuscitation as directed by the protocol.  Of 11 animals in Group 2 (combined blast and haemorrhage, resuscitated with HSD), 6 showed a good response to HSD and survived beyond the first hour of the study, 3 failed to respond (did not attain the target SBP) and 2 showed the catastrophic collapse shown in Figure 4d.  Furthermore, one of the animals that failed to attain the target SBP also showed a sudden collapse in blood pressure prior to death.  In the absence of blast injury all animals given HSD responded well and survived the duration of the study (8 hours from onset of resuscitation).

[image: image4.emf]

Figure 4: Systemic arterial blood pressure response to infusion of hypertonic saline / dextran (HSD) in four individual animals.  All animals had received a controlled haemorrhage followed 
by a Grade IV liver injury.  Preceding the haemorrhage animals were either subject to blast 
injury or no blast injury as follows:  a) no blast injury, good response to HSD; b) blast injury, good response to HSD; c) blast injury, poor response to HSD, target blood pressure was not attained before animal died; d1) blast injury, initial good response to HSD and attainment 
of target blood pressure followed approximately 15 min later by dii) catastrophic 
collapse and death.   Blocks labelled HSD indicate periods of HSD infusion.

3.3
Blood Chemistry and Oxygen Transport

There was a significant increase in plasma sodium levels associated with the onset of resuscitation with HSD in both blast and sham blast-injured groups (Figure 5).  This elevation in plasma sodium associated with HSD persisted until the end of the study (Figure 5).  There was no significant effect of injury (blast vs no blast) on plasma sodium.  Examination of data from individual animals (Figure 6) confirms this pattern and dos not reveal any dramatic differences between HSD responders and non-responders (those that failed to survive the first hour of resuscitation).  The highest plasma sodium level was seen in animal BHSD9 immediately prior to death, however, this level was not excessive compared to other animals which did respond and survived considerably longer periods.
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Figure 5: Arterial plasma sodium (Na+) and potassium (K+) concentrations  in four groups 
of animals (for further details of groups see legend to Figure 2).  Mean values ( SEM.


Plasma potassium showed a transient, significant, increase associated with blast injury (Figure 5), which resolved over the following 15 min so that there was no significant difference between groups by the onset of haemorrhage (Figure 5).  All groups showed a significant increase after haemorrhage, with the highest level being seen in the blast injured groups, although this difference was not statistically significant.  The elevated potassium levels gradually resolved over the first 100 min of resuscitation before showing a secondary rise in the surviving blast group (resuscitated with 0.9% saline).  It is impossible to comment of the blast-injured group resuscitated with HSD since the majority did not survive to these latter time points.



[image: image6]

Figure 6: Arterial plasma sodium (Na+) from individual animals in each 
of the four groups (for further details see legend to Figure 2).


There was a significant fall in haematocrit in all groups during resuscitation.  However, there was no significant difference between injury type (blast / no blast) or resuscitation fluid (0.9% saline / HSD) (Figure 7).  Examination of data from individual animals (Figure 8) did not reveal any clear differences between those that responded to HSD and those that did not.  A sharp fall in haematocrit was seen in BHSD1, 4 and 9 associated with early death.  However, this represents the normal pattern of response to HSD that mobilises interstitial water into the plasma compartment.  This finding eliminates one potential mechanism of HSD failure, namely inability to expand plasma volume.
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Figure 7: Arterial haematocrit (Hct%)  in four groups of animals (for further 
details of groups see legend to Figure 2).  Mean values ( SEM.



[image: image8]

Figure 8: Arterial haematocrit (Hct%) from individual animals in each 
of the four groups (for further details see legend to Figure 2).


Coincident with the resuscitation and the fall in haematocrit there was a significant reduction in arterial oxygen content in all groups (Figure 9).  The reduction was greatest in the animals subjected to blast injury since this group experienced both haemodilution and a fall in arterial oxygenation due to blast lung.  Oxygen extraction ratio (OER) increased significantly in all groups by the end of the shock period.  The increase was greatest in the groups subjected to blast injury, which showed a significantly higher OER during resuscitation.  Attainment of the higher resuscitation target blood pressure 60 min after the onset of resuscitation resulted in a significant reduction in OER in all surviving groups (Blast NH, Sham blast NH and Sham blast HSD), although the OER remained significantly higher in the Blast NH group compared to Sham blast.  There was no significant effect of resuscitation fluid (0.9% saline vs HSD) on OER (Figure 9).  
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Figure 9: Arterial oxygen content (CaO2) and oxygen extraction ratio (OER) in four groups 
of animals (for further details of groups see legend to Figure 2).  Mean values ( SEM.


Finally, during the hypotensive phase of resuscitation there was a significant fall in arterial base excess (ABE, Figure 10).  Blast injury was associated with a significantly greater reduction in ABE (more profound metabolic acidosis) compared to sham blast (Figure 10).  The metabolic acidosis was reversed in all surviving groups after the onset of normotensive resuscitation (Figure 10).  During this normotensive phase (60-480 min after onset of resuscitation) there was a significant difference between 0.9% saline and HSD in the sham blast groups, with the animals resuscitated initially with HSD experiencing the least degree of metabolic acidosis (Figure 10).  A similar comparison for the blast-injured groups could not be made due to the early demise of animals in the Blast/HSD group.
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Figure 10: Arterial base excess (ABE) in four groups of animals (for further 
details of groups see legend to Figure 2).  Mean values ( SEM.

3.4
Volume of Uncontrolled Haemorrhage

The volumes of intra-abdominal fluid, normalised for survival time, are shown in Figure 11.  There were no significant differences between groups in the volume of intra-abdominal fluid found at post-mortem.  The only animals that are clearly different from the overall pattern are three animals that died early during resuscitation with HSD.  The absolute volume of intra-abdominal fluid in these animals was 97, 126 and 181 mL respectively (reported in ascending order of survival time).
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Figure 11: Volume of intra-abdominal fluid assessed at post-mortem in individual 
animals from each of four groups (for details of groups see legend to 
Figure 2). Fluid volumes are normalised for survival time.

4.0
Discussion



The principal finding of this study is that HSD was significantly inferior to 0.9% saline (with respect to survival) when used to initiate a hybrid hypotensive/‌normotensive resuscitation strategy after combined primary blast injury and haemorrhage.  A combination of primary blast injury and haemorrhage simulates a casualty injured in an explosion and suffering primary blast injury (e.g. blast lung) and secondary blast injury due to fragments resulting in blood loss.  By contrast, survival when HSD was used to initiate resuscitation after haemorrhage alone (in the absence of primary blast injury) was at least as good as that seen with 0.9% saline.  Furthermore, the physiological response to resuscitation with HSD after haemorrhage alone was significantly better than that seen with 0.9% saline.  Unfortunately, since it would be very difficult (if not impossible) to quantify the extent of primary blast injury in a pre-hospital battlefield casualty initiating resuscitation with HSD in casualties from explosive events would be unsafe.  Because military strategies often require a ‘one size fits all’ approach with respect to pre-hospital fluid resuscitation HSD is unlikely to be of utility for routine pre-hospital management of battlefield casualties.


The clinical significance of primary blast injury is very dependent on the circumstances surrounding injury.  Casualties most likely to suffer primary blast injury are those exposed to blast in confined spaces or injured by enhanced blast weapons.  When a conventional munition is detonated in an open environment the principal threat is fragments since the shock wave (responsible for primary injury) initially diminishes by an inverse cube function of distance from the explosion.  However, the likelihood of primary blast injury increases even in an open environment if the casualty is near a reflecting surface.  Fragments from the casing of a ‘typical’ munition, e.g. mortar shell, can be projected with lethal energy for much greater distances than the shock wave responsible for primary blast injury.  Although it is very important to note that lethality due to fragments (secondary blast injury) is dependent on the probability of being hit (which diminishes with distance away from the explosion as the fragments spread out) and the body structure damaged, it is true to say that the greatest threat to life with an ‘outdoor’ explosion is secondary blast injury.  However, when a blast occurs in a confined space with multiple reflecting surfaces then primary blast injury assumes a much greater clinical significance [6; 8; 30].


The mechanism(s) whereby HSD fails after combined primary blast injury and haemorrhage is of particular interest.  Unfortunately, although the data presented here gives some clear exclusions of potential mechanisms it does not identify a clear mechanism of failure.  Three plausible possibilities can be excluded based on the current data: catastrophic re-bleeding, increased vascular permeability attenuating the ability of HSD to expand plasma volume and acute sodium toxicity.  


An immediate concern with the use of HSD in early resuscitation after haemorrhage is that it could cause a significant over-shoot of arterial blood pressure and hence disrupt a fragile nascent blood clot, resulting in fatal re-bleeding.  This is a particular concern of those advocating hypotensive resuscitation [16; 28; 31; 32] and certainly is legitimate in the early stages of resuscitation before blood clots have gained sufficient tensile strength to withstand elevations of arterial blood pressure towards normotensive levels or beyond.  In the present study we were very careful to control the rise of blood pressure by administering the HSD in small aliquots.  In cases where HSD was initially effective we generally attained the hypotensive target systolic arterial pressure (SBP, 80 mmHg) during initial resuscitation after 2-3 doses of HSD, representing 20-30% of the maximum recommended amount (500 mL / 70 kg [29]).  Although in some circumstances this did result in a transient increase in SBP above the target by approximately 10 mmHg it did not result in re-bleeding from the uncompressed Grade IV liver injury.  Although examination of Figure 11 indicates that the three animals surviving the shortest period after HSD administration did have the highest normalised (by survival time) volume of intra-abdominal fluid, this equated to 97-181 mL of absolute terms.  These volumes are very unlikely to have contributed to the failure of HSD and therefore re-bleeding can be excluded as a mechanism of early death after HSD (HSD-failure) in the current study.  However, these data highlight another potential problem with pre-hospital use of HSD in austere environments.  We were able to accurately control the rise in blood pressure during HSD administration by titrating small aliquots, guided by the use of continuous blood pressure monitoring.  In pre-hospital clinical use under difficult circumstances (where the caregiver themselves may be under considerable threat) the HSD may be given slowly one ‘bag’ (250 mL) at a time (approximately 50% of the maximum recommended dose) without accurate blood pressure monitoring.  There is therefore a significant likelihood that this might breach the guidance of initial hypotensive resuscitation and could result in re-bleeding.


A second potential mechanism underlying the failure of HSD after primary blast injury and haemorrhage relates to microvascular permeability.  Should microvascular permeability be increased in this circumstance then the osmotic effect of HSD would be reduced and its ability to quickly increase intravascular volume by redistribution of interstitial fluid would be attenuated.  This mechanism has precedence in casualties with brain injury where hypertonic solutions can sometimes have limited effect (Dimitris, personal communication).  This is clearly not the case in the present study.  Examination of Figure 8 shows that all animals treated with HSD showed a fall in haematocrit which, in part, was due to the hypertonic solution mobilising interstitial water into the vascular space and hence causing haemodilution.  Failure of this mechanism would result in an attenuated fall in haematocrit.  However, Figure 8 does not reveal that any of the early deaths was associated with an attenuated reduction in haematocrit, thus eliminating this potential mechanism.


The third possibility underlying the failure of HSD is acute sodium toxicity.  HSD did result in an increase in plasma sodium concentration compared to the control group given 0.9% saline; however this increase was not excessive.  Three animals given HSD after blast did exceed the plasma sodium level of 160 mM associated with chronic toxicity in pigs [33], but not greatly so (none above 170 mM) until the animal was already moribund and HSD had effectively already failed.  These levels of sodium are not associated with sudden death, the problem with sodium levels such as these relate to longer term effects e.g. abnormalities of central nervous system neuronal myelination [33].  Consequently, acute toxicity due to sodium is unlikely to be the cause of HSD failure in the present study.


A further possibility that could not be assessed in the present study relates to the myocardial effect of HSD.  Recently the focus on the effects of HSD during resuscitation and been increased in intravascular volumes, microvascular benefit and attenuation of inflammatory responses [19-21; 24; 34].  However, in the older literature an additional effect was postulated: direct augmentation of myocardial contractile force [35].  It is possible that HSD was unable to exert its full effect in blast-injured animals since it is known that blast exposure attenuates myocardial performance [36].  This would not be the case in animals without blast injury, where HSD was found to be especially effective.  Unfortunately the data recorded in the present study do not allow a further evaluation of this possibility which therefore remains an interesting proposition for further investigation.  A final mechanism that can lead to sudden collapse and heath is hyperkalaemia.  As has previously been found [15] blast injury, especially when combined with haemorrhagic shock, can lead to acute elevations in plasma potassium concentration.  However, there is no evidence that this was the cause of early demise in the present study since transient hyperkalaemia was a common finding in all of the animals (resuscitated with HSD and 0.9% saline) after primary blast injury and haemorrhage.  


Resuscitation with both HSD and 0.9% saline was associated with haemodilution and a fall in arterial oxygen content.  This, combined with reduced tissue blood flow due to the shock state (including the attenuated shock state associated with hypotensive resuscitation) resulted in a rise in oxygen extraction ratio (OER) from the resting physiological level of approximately 0.25 to the maximal level of 0.75-0.80.  Predictable, blast injury was associated with the highest OER due to the greatest reduction in arterial oxygen content as a result of pulmonary compromise in addition to haemodilution.  In all cases the normotensive phase of resuscitation was associated with a fall in OER, presumably because increased tissue perfusion resulted in improved oxygen delivery which became adequate for tissue requirements (ultimately shown by a reversal of metabolic acidosis).  In the groups without primary blast injury it was possible to compare HSD and 0.9% saline and no difference in OER was found between the two treatment groups.  Therefore from a global (whole body) perspective there was no apparent advantage to HSD.  However, this does not exclude a local, microcirculatory, potential advantage for HSD resulting in better blood flow distribution and consequently attenuated metabolic acidosis.


The degree of metabolic acidosis (fall in arterial base excess to negative levels) was significantly less when resuscitation was initiated with HSD in the groups given haemorrhage without primary blast injury.  Whether this difference is sufficient to be of profound clinical significance is debatable.  Clearly any benefit, especially in a seriously injured casualty, is welcome.  However, in the present study the fall in base excess to approximately -10 mM during hypotensive resuscitation, while of some clinical concern, was not overwhelming and easily reversed during the normotensive phase of resuscitation.  Therefore the clinical benefit seen in the model used in the present study may not be sufficient to outweigh the potential problems associated with hypernatraemia and risk of overshooting the target blood pressure when HSD is used in austere circumstances.  Consequently, a strong case for the adoption of HSD based on the physiological response is not apparent in the present study although there may be circumstances where the logistical burden may drive the balance towards the use of HSD for casualties without blast injury.


In summary, HSD (for initial resuscitation) was inferior to 0.9% saline when haemorrhage was complicated with primary blast injury.  This was due to early failure to respond adequately to HSD, or sudden collapse during its use, in a number of cases.  By contrast HSD did show a significant physiological benefit when used after haemorrhage in the absence of primary blast injury.  However, this benefit may not outweigh the risk of overshooting the target blood pressure during resuscitation especially in austere circumstances where accurate, continuous measurement of arterial blood pressure is impossible.  Nonetheless HSD may have a role (in circumstances where the logistical benefit of weight reduction is very important) for resuscitating casualties where primary blast injury can definitely be excluded e.g. injuries not associated with explosions.  Should HSD be used in these circumstances very careful titration of HSD to target blood pressures would be necessary, imposing its own burden on those responsible for resuscitating the casualty under difficult circumstances.
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Abstract


The rapid diagnosis of invisible internal injury in an austere and hostile front-line operational environment remains a challenge for (Canadian Forces) medical and search and rescue personnel.  The availability of a portable 4D-ultrasound imaging system with a single probe, providing high image resolution and deep penetration, is considered by (civilian) medical practitioners and their military health services counterparts as exceedingly helpful, if not essential in supporting triage and medical decisions to save lives.  However, portable and easy-to-use 4D non-invasive medical imaging systems are not yet commercially available, primarily because of unresolved major technological and engineering challenges.  Available portable ultrasound systems only provide 2D images, requiring a medical professional to mentally integrate multiple images to develop a 3D impression of the scanned objects. This practice is time-consuming, inefficient, and requires a highly skilled operator to administer the scanning procedure.  Defence R&D Canada (DRDC) is developing a Portable 3D/4D Ultrasound Diagnostic Imaging System (PUDIS) to address the above-mentioned challenges. Our proposed approach to address the conventional 2D ultrasound imaging limitations is to implement 3D adaptive beamformers in portable 4D ultrasound imaging systems, that can improve image resolution for low frequency planar array probes. Along these lines, DRDC has allocated significant investments to develop an advanced, fully-digital 4D (3D-spatial + 1D-temporal) ultrasound imaging technology for improving image resolution and facilitating auto-diagnostic applications to detect non-visible internal injuries, based on the volumetric imaging outputs provided by a 4D ultrasound imaging system that includes:

· A 32x32 sensor planar array ultrasound probe with a fully digital data acquisition peripheral;


· A portable ultrasound computing architecture consisting of a cluster of DSPs and CPUs;


· Adaptive 3D beamforming algorithms with volumetric visualization, including fusion and automated segmentation capabilities; and


· The implementation of a decision-support process to provide automated diagnostic capabilities for non-invasively detecting internal injuries and facilitate image guided surgery.


1.0
Introduction


The fully digital 3-Dimensional (3D)/ (4D: 3D + time) Ultrasound System Technology, presented in this paper, consists of a set of adaptive ultrasound beamformers [1-4] that have been discussed in detail in [3,6]. The aim with this signal processing structure is to address the fundamental image resolution problems of current ultrasound systems [6-8] and to provide suggestions for its implementation into existing 2D and/or 3D ultrasound systems as well as develop a complete stand-alone 3D ultrasound solution. This development has received grant support from the Defence R&D Canada (DRDC) and from the European Commission IST Program (i.e. ADUMS project: EC-IST-2001-34088). 

To fully exploit the advantages of the present fully digital adaptive ultrasound technology, its implementation in a commercial ultrasound system requires that the system has a fully digital design configuration consisting of A/DC and D/AC peripherals that have the capability to digitize the ultrasound probe time series, to optimally shape the transmitted ultrasound pulses through a D/A peripheral and to integrate linear and/or planar phase array ultrasound probes.

Thus, the digital ultrasound 3D beamforming technology of this paper, can replace the conventional (i.e. time delay) beamforming structure of ultrasound systems with an adaptive beamforming processing configuration. The results of this development [1,2,6] demonstrate that adaptive beamformers improve significantly (at very low cost) the image resolution capabilities of an ultrasound imaging system by providing a performance improvement equivalent to a deployed ultrasound probe with double aperture size . Furthermore, the portability and the low cost characteristics of the present 3D adaptive ultrasound technology can offer the options to medical practitioners and family physicians to have access of diagnostic imaging systems readily available on a daily basis. As a result, a digital PC-based ultrasound technology can adjust the signal processing configuration of ultrasound devices to move them away from the traditional hardware and implementation software requirements and to be able to accommodate the processing requirements of the "traditional" linear array 2D scans as well as the advanced matrix-arrays performing volumetric scans.


In summary, a digital PC-based ultrasound imaging technology can provide flexible cost-to-image quality adjustments. The resulting systems can be upgraded on a continuous base at very low cost by means of software and hardware improvements by exploiting the continuous upgrades and CPU performance improvements of the PC architectures.  

Thus, to maintain a reasonable image quality, a large number of detector elements are required, and the computational load is directly related to the size of 2-D array (i.e. planar array ultrasound probe) used to acquire the RF time series for beamforming.

The ability to image volumes, instead of slices is the motivation for using a 3-D beamformer. Currently to generate an ultrasound volume, a number of slices are collected. These slices are then used to synthesize a 3D volume. Another approach is to use 2-D array probes to generate 3D ultrasound volumes, but to counter the increased processing load brought on by the 2-D probe the resolution in one of the directions (x or y) is compromised.


As stated above, the core of the system design presented here is the efficient implementation of 3D beamforming that greatly simplifies the beamformer processing. This implementation makes it possible to map the processing onto a parallel computing architecture like the multi-node cluster described later. The beamforming algorithm is implemented on the processing cluster along with a versatile data control unit that controls all signal transmission and reception form the complete 3D/4D Ultrasound system.


An additional complication is that in ultrasound imaging systems the angular resolution provided by conventional beamformers is determined by the length of the aperture L, and by the frequency of the received signals [1,2,6]. Since the operating frequency is usually fixed, only the aperture length can be eventually increased by a higher number of elements, thus leading to more complex hardware and software implementations. The alternative is to employ an adaptive beamforming method. Adaptive beamformers are designed to maximize signal detection, while minimizing the beam-width, and suppressing the side-lobes [1,2,3]. The convergence time of the specific method adopted allows for real-time imaging [6]. The method uses a combination of the Sub-Aperture pre-processing scheme [4] and a space-time statistic [3,4] to reduce the degrees of freedom required by the algorithm.


2.0
THE BEAMFORMING PROCESS IN 3D/4D ULTRASOUND SYSTEMS


2.1
Conventional 3D Beamformer


Consider the beamforming process for an N x M detector array with K time samples collected, the data collected is given by
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The time domain focused beamformer outputs implemented in the frequency domain, the beam-time series obtained from the beamformer, 
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, is given by (2), where the parameters are defined in Figure 1.
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where 
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The inter-element time delays  are defined by (3).
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where element nm is located at position (xm,yn).

Equation 3 indicates that for each beam (A,B) and focal depth R there needs to be MxN complex steering vectors computed for each frequency bin of interest. Furthermore each set of steering vectors 
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 is unique, with each of the four function variable independent and not separable. Because of this independence, it is not possible to decompose this beamformer in an efficient manner [2,4]. 
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Figure 1: Definition of Parameters.


The approach that follows presents an alternative beamformer that is an approximation to the beamformer in (2) [1,2,3]. This implementation allows the beamforming equation to be divided, and hence decomposed, which in turn allows for it to be easily implemented on a parallel architecture. The difference between this 3D implementation and the efficient beamformer implementation is shown in (2) and (4), where (2) is approximated (4), resulting in a simplified 2-stage implementation. For plane wave arrivals, i.e. R → ∞, (4) can be directly derived from (2) and the derivation is exact. For (xm,yn) the exact beamforming  delay 
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The decomposition of the 3D beamforming into two linear steps is expressed as follows:
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with the two separated steering vectors expressed as:
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The summation in square brackets is equal to a line array beamformer along the X-axis. This term is a vector which can be denoted as
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. This can then be rewritten as follows:
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This expression is equal to a linear beamforming along the Y-axis, with 
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 as input.  This 2 stage implementation is easily parallelized and implemented on a multi-node system. In this approximate implementation, the error introduced at angles A and B close to broadside is negligible. Side by side comparisons show that there is no degradation in image quality over the exact implementation for this application. 


2.2 
Adaptive Beamforming

The beamforming method presented in this paper is based on the class of Linear Constrained Minimum Variance (LCMV) adaptive beamformers [1,2,3,4]. 


Consider a linear phased array of N transducers, with
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 (7)                


where H denotes the complex conjugate transpose. 
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 is the Steered Covariance Matrix (STCM): it is a space-time statistic, exploiting the signals’ characteristics both in frequency and in time [3,4]. For a band of width 
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(8)                 


where 
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 denotes element-by-element multiplication. 
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is the conventional steering vector for a line array, which is different than that defined by Eqs. (2) & (5). The constraint to be fulfilled by the steering vector is: 
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The method based on the STCM is called Steered Minimum Variance algorithm (STMV). 


Assuming stationarity across the frequency bins of a band 
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 the STCM may be considered to be approximately the same as the narrowband estimate 
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This method is called Steered Minimum Variance Narrowband Algorithm [1-3]. The adaptive beam is then obtained as:
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It has been shown [3] that for broad-band sources this method achieves lower convergence times than other adaptive beamformers. The reader is referred to [1-4] for further information on near-instantaneous convergence beamforming. 

3.0
IMPLEMENTATION


The hardware components designed to complement the efficient beamformer defined in Section 2.0, is a data acquisition unit that supports a 16 x 16 planar array probe, and the scaleable multi-node cluster. The implementations of the individual functional components of the system are described in this section.


3.1
Transmit Functionality

The philosophy of the energy transmission module is to illuminate the entire volume of interest with a few firings. This is shown in Figure 2. Here the volume is illuminated in  3 x 3 sectors, meaning a total of 9 firings. The transmitted signals are all broadband FM (chirp) signals. They are fired with inter-element delays to allow the transmitted energy to be focused at specific regions in space, e.g. the space highlighted by the square shaded areas of Figure 2. The energy transmission is done through the 6 x 6 elements at the center of the array. The transmit patterns are loaded into the memory of the data acquisition unit and delivered to the probe via the D/A portion of the unit when a trigger signal is received. 
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Figure 2: The Phased Array Transmit Function of the Planar Array Probe.


In addition, FM pulses that occupy different non-overlapping frequency regimes may be coded together to illuminate different focal depths with a single firing. This means that it can be arranged so that one frequency regime can focus and illuminate the lower shaded square, and a second frequency regime the upper shaded square in Figure 2.


The use of fewer beams to illuminate the volume of interest however leads to a non-uniform energy distribution in space. This requires the application of a linearization function to correct for this type of non-uniformity. A correction function is derived from the illuminating beam shapes and is used later for linearization of the results of the beamformer. An example of a linearization function is shown in Figure 3. This figure shows the correction function that would be applied to the output for a 4 x 4 sector illumination.
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Figure 3: Correction function for 4 x 4 sectors illumination pattern.

3.2
The Beamformer

The 2-stage beamformer described by Equations (4) and (5) is implemented as shown in Figure 4 [3]. The beamforming process is a two stage process where the rows are treated as line arrays and beamformed accordingly. The results of this first stage of beamforming are again treated as line arrays and beamformed. Figure 4 outlines this process. Each row of the array is sent to a line array beamformer, which includes transforming the signals to the frequency domain through the FFT, applying a filter and steering the azimuth beams. The azimuth beams are then grouped, and for a fixed azimuth beam, the results of all of the rows are then sent to the second stage of line array beamforming. This second stage includes steering the elevation beams and transferring the results back   to the time domain. For every azimuth beam a series of elevation beams are created [1,2,3,6].
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Figure 4: Block Diagram showing the 2 Stage Implementation of the 3D beamformer.

The implementation shown in Figure 4 is easily realizable on a parallel system. The first stage beamforming is distributed to the computing nodes. In the simplest sense each row of data is distributed to a separate node and processed. The results are then regrouped and again each group sent to a separate node for the second stage before the displaying.


3.3
The Multi-Node Cluster

The multi-node cluster developed for the beamforming process is built of a series of commodity personal computers (PCs) connected via a Myrinet high speed fiber-optic network for data transfer. An Ethernet network is also used for control messages [6,9]. The layout and interconnections of the components of this computing cluster is shown in Figure 5. The data acquisition unit delivers the acquired data to the PCI bus of the individual nodes as shown in Figure 5.
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Figure 5: Layout of the computing cluster.


3.4
Computing Architecture and Implementation Issues

Implementation of a fully digital 3D adaptive beamforming structure in ultrasound systems is a non-trivial issue. In addition to the selection of the appropriate algorithms, success is heavily dependent on the availability of suitable computing architectures.


Past attempts to implement matrix based signal processing methods, such as adaptive beamformers, were based on the development of systolic array hardware because systolic arrays allow large amounts of parallel computation to be performed efficiently since communications occur locally. None of these ideas are new. Unfortunately systolic arrays have been much less successful in practice than in theory. The fixed size problem for which it makes sense to build a specific array is rare. Systolic arrays big enough for real problems cannot fit on one board, much less one chip, and interconnects have problems. A 2-D systolic array implementation will be even more difficult. So, any new computing architecture development should provide high throughput for vector as well as matrix based processing schemes.


A fundamental question, however, that must be addressed at this point is whether it is worthwhile to attempt to develop a dedicated architecture that can compete with a multiprocessor using stock microprocessors. However, the experience gained from sonar computing architecture developments [4] suggests that a cost effective approach in that direction is to develop a PC-based computing architecture that will be based on the rapidly evolving microprocessor technology of the CPUs of PCs.  Moreover, the signal processing flow of advanced processing schemes that include both scalar and vector operations should be very well defined in order to address practical implementation issues. When the signal processing flow is well established, such as in Figures 4 and 5, then distribution of the signal processing flow in a number of parallel CPU’s will be straightforward. In the following sections, we address the practical implementation issues by describing the current effort of developing an experimental fully digital 3D/4D ultrasound system deploying a planar array to address the requirements of the Canadian Forces for non-invasive portable diagnostic devices deployable in fields of operations.

3.5
Technological Challenges for Fully Digital Ultrasound System Architecture

The current state-of-the-art in high-resolution, digital, 3D ultrasound medical imaging faces two main challenges:


First, the ultrasound signal processing structures are computationally demanding. Traditionally, specialized computing architectures and hardware have been used to provide the levels of performance and I/O throughput required, resulting in high system design and ownership costs. With the emergence of high-end workstations and low-latency, highbandwidth interconnects [9], it now becomes interesting and timely to investigate if such technologies can be used in building low-cost, high-resolution, 3D ultrasound medical imaging systems.


Second, although beamforming algorithms in digital configuration have been studied in the context of other applications [4,6], little is known about their computational characteristics with respect to ultrasound-related processing, and medical applications in general. It is not clear which parts of these algorithms are the most demanding in terms of processing or communication and how exactly they can be mapped on modern parallel PC-based architectures. In particular, although the algorithmic complexity of different sections can be calculated, little has been done in terms of actual performance analysis on real systems. The lack of such knowledge inhibits further progress in this area, since it is not clear how these algorithms should evolve to lead to applicable solutions in the area of ultrasound medical imaging. 

The previous sections of this paper addresses both these two issues by introducing a design of a parallel implementation of the advanced 3D beamforming algorithms of [9] and studying its behavior and requirements on a generic computing architecture that consists of commodity components. 


This design concept provides an efficient, all-software, sequential implementation that shows considerable advantages over hardware-based implementation of the past. It provides also an efficient parallel implementation of the advanced 3D beamforming of [6] for a cluster of high-end PCs connected with a lowlatency, high-bandwidth interconnection network that allows also for an analysis of its behaviour [9]. The emphasis in this design has been placed also on the identification of parameters that critically affect both the performance and cost of ultrasound system.

The end result reveals a number of interesting characteristics leading to conclusions about the prospect of using commodity architectures for performing all related processing in ultrasound imaging medical applications.  A brief summary of these findings suggests the following:


· A PC-based 16-processor system today can achieve close-to-real-time performance for high-end ultrasound image quality and is certainly expected to do so in the near future [9]. 


· The major components of the digital 3D ultrasound beamforming signal processing structure of [9] that are very computationally intensive consist of:


· 85-98% of the time is spent in FFT and beam steering functions.


· The communication requirements in the particular implementation are fairly small, localized, and certainly within the capabilities of modern low-latency, high-bandwidth interconnects.


· The results of this section provide an indication of the amount of processing required for a given level of ultrasound image quality and number of channels in a probe  and can be used as a reference in designing computing architectures for ultrasound systems.


4.0
EXPERIMENTAL RESULTS

4.1
System Overview

The experimental configuration of the fully digital ultrasound imaging concept included two versions. The first was configured to be integrated with a linear phase array ultrasound probe and it is depicted in Figure 6.  This is a fully digital ultrasound system which includes the linear array probe (64 elements) and the 2-node data acquisition unit including two Mini-PCs that control the transmitting and receiving functions. This linear array ultrasound system was configured also to provide 3D images through volume rendering of the B-scan outputs as defined in [5].  A USB communication protocol allowed the transfer of the B-scans (2D digital images) as inputs to the visualization software for 3D volume rendering [5] installed in the portable PC.  More specifically, the experimental linear array ultrasound system can provide 3D volumetric images from a series of B-scan (2D) outputs.  The magnetic tracker system, provides the co-ordinates of the probe for each of the acquired image frames (B-scans). This tracker provides translational (x, y and z) as well as rotational co-ordinates with respect to the x, y and z, axes.  
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Figure 6: The experimental linear phase array (64-element) ultrasound imaging system 
integrated with a Laptop computer to provide visualization functionalities.


The second configuration is a fully digital planar phase array volumetric ultrasound imaging system, depicted in Figure 7.  The multi-node computing cluster that allows for an effective implementation of the 3D beamforming structure is shown at the lower part of this figure. The top left image in Figure 7 shows the planar phase array probe and the top right image presents the data acquisition unit with the A/D and D/A peripherals controlled by the multi-node cluster.

Implementation of the 3D beamforming structure and communication requirements relevant with the system configuration of Figure 7, have been discussed already in the previous sections.

Figure 8 shows a schematic representation of the main components of the fully digital real time planar array ultrasound imaging system that summarizes the developments that have been presented in the previous sections. It depicts a 256: (16x16) element phased array probe, a A/DC with 64 channel data acquisition unit that through multiplexing acquires time series signals for the 256 channels, and a computing architecture to process the acquired time series into ultrasound volumes, shown also in Figure 7. In addition the system uses a 36-channel digital to analog converter (D/AC) to excite the center (6x6) transducers of the planar array during the illumination process. The transmit functionality that address the pulse design to illuminate at various depths simultaneously is addressed in a subsequent section.  The inter-element spacing of the probe is 0.4mm in both directions. This combination forms the front end of the 3-D ultrasound system that will support the transmit functions and the receiving functions required for the 3-D beamforming. The probe is attached to the data acquisition unit via an interface card. This card provides the means of data flow into and out of the probe through the data acquisition system.

The computing cluster (Figure 7) that implements the 3D beamformer software (Figure 8) has already been introduced in the previous section. This is the multi-node cluster that was designed to allow for easy implementation of the 3-D beamformer algorithms – both conventional and adaptive.  The integrated hardware platform in Figure 7 brings together the planar array probe, the data acquisition unit for the planar array probe and the multi-node PC cluster. 
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Figure 7: The multi-node computing cluster that allows the implementation of the parallel beamforming 
structure of the experimental planar phase array ultrasound imaging system is shown at the 
lower part of this figure. The top left image shows the planar phase array probe and 
the top right image depicts the data acquisition unit with the A/D and D/A 
peripherals (with probe attached) controlled by the multi-node cluster.

The A/DC is well grounded and capable to sample the 64 channels with an equivalent 14-bit resolution and 33 MHz sampling frequency per channel. Moreover, the unit has dedicated memory and separate bus-lines.  The D/AC is capable to drive 36 channels with 12-bit resolution and 33 MHz sampling frequency. The period between two consecutive active transmissions is in the range of 0.2 ms. Moreover, the local memory of the D/AC unit has the capability to store the active beam time series with total memory size of 1.35 Mb, being generated by the main computing architecture for each focus depth and transferred to the local D/AC memory when the transmission-acquisition process begins.

The digitization process of the 16x4 sub-apertures by the 14-bit 64-channel A/D unit, provide the signals to a system of pin connectors-cables with suppressed cross-talk characteristics (minimum 35 dB). The sampling frequency is 33 MHz for each of the channels associated with a receiving single sensor. The multiplexer associated with the A/DC allows the sampling of the 16x4-sensors of the planar array in four consecutive active transmissions to be able to digitize the 16x16 planar array channels.
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Figure 8: Structure of the PC-based computing schematic representation of the main 
components including the data acquisition units of a fully digital 
real time planar array ultrasound imaging system.


The computing architecture, (Figure 8), includes sufficient data storage capabilities for the sensor time series. The A/DC and signal conditioning modules of the data acquisition process and the communication interface are controlled through S/W drivers that form an integral part of the computing architecture. 

It has been assessed that the ultrasound adaptive 3D beamforming structure, defined in [3], provides an effective beam-width size, which is equivalent to that of a two to three times longer aperture along azimuth and elevation of the deployed planar array. Thus, for the deployed receiving 16x16 planar array, the adaptive beamformer’s beamwidth characteristics will be equivalent with those of a (16x2)x(16x2) size planar array.  For example, the beam-width of a receiving 16x16 planar array with element spacing of 0.5 mm for a 3 MHz centre frequency, is approximately 7.4o, with effective angular resolution by the adaptive beamformer in terms of beam-width size, to be less than 3.7o x 3.7o.   As a result, the receiving adaptive beams along azimuth will have the following image resolution capabilities:


· For C-scan and for depth of 10 cm, the 3.7o x 3.7o angular resolution sector corresponds to a (0.64 cm) x (0.64 cm) = 0.41 cm2 size of tissue resolution, or for depth of  5 cm to a (0.32 cm) x (0.32 cm) = 0.10 cm2 size of tissue resolution.

· For B-scan the line resolution will be equivalent to the wavelength of the transmitted centre frequency , which is 0.5 mm.


· Thus, the volume resolution of the 3D adaptive beamforming structure will be equivalent to (10.2 mm2 ) x (0.5 mm) = 5.12 mm3, in 3D tissue size at a depth of 5 cm. 


The concept of the energy transmission module to illuminate the entire volume of interest with a few firings, has been introduced in [6] and depicted in Figure 2. Here the volume is illuminated in sub-sectors. The transmitted signals are all broadband FM (chirp) signals. They are fired with inter-element delays to allow the transmitted energy to be focused at specific regions in space, (e.g. the space highlighted by the square shaded areas of Figure 2). The energy transmission is done through the 6 x 6 elements at the center of the array. The transmit patterns are loaded into the memory of the data acquisition unit and delivered to the probe via the D/AC portion of the unit when a trigger signal is received. In addition, FM pulses that occupy different non-overlapping frequency regimes may be coded together to illuminate different focal depths with a single firing. This means that it can be arranged so that one frequency regime can focus and illuminate the lower shaded square, and a second frequency regime the upper shaded square in Figure 2.


Suppose three focal depths d1 < d2 < d3 are desired. Then, three separate sets of transmit patterns are created.  The first set of transmit patterns with the appropriate delay profiles that occupy the lowest frequency band are designed to focus at depth d3.  A second set of transmit patterns with delay profiles to focus at depth d2 are designed to occupy a second frequency band higher than the first and with no frequency overlap. Similarly, a third set of transmit patterns are designed to focus at focal depth d1.  This third set of patterns is designed to occupy the highest frequency band since they will illuminate the shallow regions of the medium of interest.  When the design of the three sets of transmit patterns is complete they are superimposed to create a single transmit pattern.  This composite transmit pattern is used to provide the illumination as described in Figure 2.  However, the requirement to use the smallest possible number of illumination beams leads to a non-uniform energy distribution in space. This requires the application of a linearization function to correct for this type of non-uniformity. A correction function is derived from the illuminating beam shapes and is used later for linearization of the results of the beamformer. An example of a linearization function is shown in Figure 4.  This figure shows the correction function that would be applied to the output of a 4 x 4 sub-sector illuminations.

4.2
Performance Results

Presented in this section are the image output results from the linear phase array (e.g. 64-elements, 2D/3D) and the planar phase array probes (e.g. 16x16, 3D/4D). While numerous experiments were carried out, only a few typical image/volume outputs for both the adaptive and conventional image results are presented here. All these image results are from the standard ultrasound “test target” termed as phantom, the cross section of which is shown in Figure 28.
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Figure 9: Cross sectional view of the experimental phantom.


4.3
Portable 2D/3D Experimental System with Linear Phased Array Probe


4.3.1
B-Scan Results

Figure 10 shows two typical images from the portable 2D/3D system operating in B-scan mode. The left hand image shows the image obtained using the conventional beamforming technique and the right hand image shows the image output from the adaptive beamformer. Both images are obtained by placing the probe on the top of the phantom just above the “Dead Zone” label. The phantom’s vertical row of reflectors and the curved arrangement are depicted in both images that show no “ghosting” or blurring of these strong reflectors.

The next figure 11 provides a comparison of the B-scan outputs from a commercial ultrasound imaging system and the experimental prototype of this investigation depicted in Figure 6. The images for both systems are obtained by placing the probes on the left side of the phantom just beside the “Resolution Array” label. Both systems use the same probe (64-channels). However, the commercial system operates at 4 MHz while the experimental system in Figure 6 operates at 2 MHz. The left hand side image (Figure 11a) shows the output of the adaptive beamformer at 2 MHz while Figure 11b shows the image output from the commercial 4 MHz ultrasound system. 
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Figure 10: B-scan image results for both the Conventional (Left Hand Side Image) and Adaptive (Right Hand Side Image) beamformers of the experimental linear phase array 
(64-element) ultrasound imaging system, depicted in Figure 6.
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Figure 11: The left hand side image (30a) shows the B-scan output of the adaptive beamformer 
for the same phantom as in Figure 29, illuminated at 2 MHz. The right hand side image 
(30b) shows the output of a commercial system using the same probe at 4 MHz.

It can be seen from the image results of Figure 11 that the adaptive beamforming scheme of this investigation performs quite as good, if not even better, with respect to the ultrasound commercial system, in terms of both resolution of the strong scatterers, and noise in the bulk image. It should furthermore be considered that the images obtained with the prototype of this investigation have been acquired using a 2MHz probe, whereas a 4MHz probe has been employed for the image output (Figure 11b) of the commercial system. 

The transmission/acquisition schemes adopted by the experimental 2D/3D prototype system allow to cover a wide scanning angle (90°-120°), a characteristic which can be very useful in cardiac imaging applications. Furthermore, the deployment of low frequencies in the range of 2 MHz can achieve the deep penetration depths which are required in cardiologic ultrasound applications.

4.3.2
Volumetric 2D/3D Imaging


The volumetric images created from the 2D/3D system are shown in Figure 12.  This figure shows cross sections of the 3D output from volume redering of B-scan images using the techniques discussed in [5].  In particular, Figure 11 shows the volume obtained using the standard ultrasound phantom of Figure 9.  In this experiment the volume is taken along the top surface of the phantom. The top right panel in Figures 12 shows the full reconstructed volume. The remaining 3 panels show three orthogonal views of the volume scanned. The visualization software is discussed in [5].

Although the experimental 2D/3D system in Figure 6 includes a fully digital ultrasound technology with an advanced beamforming structure implemented in frequency domain, this system has been reduced to a portable size, compared to nowadays commercial ultrasound units.
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Figure 12: The 3D volume is taken along the top surface of the phantom shown in Figure 28. 
The top right panel shows the full reconstructed volume. The remaining 
3 panels show three orthogonal views of the volume scanned.


4.3.3
3D/4D Experimental System with Planar Phase Array Probe


The volumes created from the 3D/4D system, deploying the planar (16x16) phase array probe, are shown in Figures 13 and 14.  Figure 13 shows the volume derived from the 3D conventional beamformer and Figure 14 presents the output of the 3D adaptive beamformer. The volumes in both figures are obtained by placing the probe on the left side of the phantom just beside the “Resolution Array” label. The top right panel in Figures 32 and 33 show the full reconstructed volume in each case. The remaining 3 panels show three orthogonal views of the volume scanned.

Like the portable ultrasound 2D/3D unit, the experimental 3D/4D system deploying a planar phase array probe has the capability of performing both conventional as well as adaptive beamforming, and both the modules are integrated into the parallel processing scheme discussed in this report. Furthermore, the 3D/4D system is also capable of frequency coding for multi-zone focusing, and of applying deblurring algorithms for enhancing the image quality. Both experimental systems (e.g. 2D/3D, 3D/4D) show good performances in terms of scanning angle apertures, penetration depth and image quality.  As expected, the adaptive beamforming scheme implemented into the 3D parallel architecture seems to allow for a higher image quality with respect to conventional beamforming for what concerns the axial and contrast resolutions. 
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Figure 13: Reconstructed 3D volume from the beam time series of the 3D conventional beamformer. The top right panel shows the full reconstructed volume. The remaining 3 panels 
show three orthogonal views of the volume scanned.
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Figure 14: Reconstructed 3D volume from the beam time series of the 3D adaptive beamformer. The volumes in both figures 13 and 14 are obtained by placing the probe on the left side of the phantom just beside the “Resolution Array” label. The top right panel shows the full reconstructed 
volume. The remaining 3 panels show three orthogonal views of the volume scanned.


5.0
CONCLUSION


The fully digital ultrasound system technology discussed in this paper consists of a set of unique adaptive ultrasound beamformers [1,2,3], a PC-based computing architecture and a set of visualization tools, presented in [3,6,9], addressing the fundamental image resolution problems of current 3D ultrasound systems. The results of this development can be integrated into existing 2D and/or 3D ultrasound systems or they can be used to develop a complete stand-alone 3D ultrasound system solution. 

It has been well established [6] that the existing limitations of medical ultrasound imaging systems in poor image resolution, is the result of the very small size of deployed arrays of sensors and the distortion effects by the influence of the human-body’s non-linear propagation characteristics. The ultrasound technology, discussed in this paper, replaces the conventional (time delay) beamforming structure of ultrasound systems with an adaptive beamforming processing configuration that has been developed for sonar array systems. The results of this development [1-3,6-8] have demonstrated that these novel adaptive beamformers improve significantly (at very low cost) the image resolution capabilities of an ultrasound imaging system by providing a performance improvement equivalent to a deployed ultrasound probe with double aperture size . Furthermore, the portability and the low cost for the 3D ultrasound systems offer the options to medical practitioners and family physicians to have access of diagnostic imaging systems readily available on a daily basis.

At this point, however, it is important to note that in order to fully exploit the advantages of this digital adaptive ultrasound technology, its implementation in a commercial ultrasound system requires that the system has a fully digital design configuration consisting of A/DC and D/AC peripherals that would fully digitize the ultrasound probe time series, they will optimally shape the transmitted ultrasound pulses through a D/A peripheral and they will use phase array linear or matrix ultrasound probes.

In other words, the present ultrasound technological alternative, revises the signal processing configuration of ultrasound devices and moves it away from the traditional hardware and implementation software requirements. 

Thus, implementation of the adaptive beamformer is a software installation on a PC-based ultrasound computing architecture with sufficient throughput for 3D and 4D ultrasound image processing.  As a result, the ultrasound computing architecture, discussed in this report, is able to accommodate the processing requirements of the "traditional" linear array 2D scans as well as the advanced matrix-arrays performing volumetric scans.


In addition, the use of adaptive ultrasound beamformers, provides significantly better image resolution than the traditional time delay based beamformers. Thus, a good image resolution can be achieved with less aperture size and sensors, thus decreasing the hardware costs of an ultrasound system.

In summary, the PC-based ultrasound computing architecture of this report, its adaptive 2D & 3D ultrasound beamforming structure and the set of visualisation tools allow for a flexible cost-to-image quality adjustment. The resulting product can be upgraded on a continuous base at very low cost by means of software improvements and by means of hardware by taking advantage of the continuous upgrades and CPU performance improvements of the PC-based architectures.  Thus, for a specific image resolution performance, a complete re-design or product upgrade can be achieved by means of software improvement, since the digital hardware configuration would remain the same.  
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Abstract 

Conventional medical imaging modalities currently revolve around magnetic resonance imaging (MRI), ultrasound or radiographic techniques. While each of these has added significant value to healthcare today, none of these techniques singlehandedly reveals the complete details regarding a patients’ physiological status or injury. Secondly, these techniques do not easily lend themselves to use in remote areas or the battlefield. This can be due to a combination of power requirements, durability and size/weight. Techniques such as ultrasound represent a significant alternative, but also come with tradeoffs, such as sensitivity to artifacts and decreased spatial resolution as compared to computed tomography or MRI.

With respect to combat casualty care there is a strong need to develop a new generation of tools that matches or betters the spatial resolution of CT/MRI while retaining the portability and higher durability of ultrasound devices. Methods using photons in the range of wavelengths between 200 and 16,000 nanometers may offer a favourable combination of attributes to detect and diagnose morbidities associated with the battlefield. These techniques are particularly good at surface imaging and therefore applicable to burns and infections. This paper will describe relevant methods that use these photons for biomedical applications, discuss roadblocks for translation out of the clinic, and describe the potential future of these techniques with respect to combat casualty care on and off the battlefield. 

This will be a review of most of the current relevant literature for optical spectroscopy within the context of currently identified military needs that are addressable by this group of techniques.

Optical imaging presents significant assets to support ongoing medical operations on and off the battlefield. New technologies and methods of data processing and analysis could lead to applications ranging from burn assessment to the monitoring of skin infections. There are also a host of secondary applications that could benefit the rehabilitation of wounded servicemembers.

1.0
INTRODUCTION

Medical imaging techniques such as magnetic resonance imaging (MRI), computed tomography (CT) and ultrasonography (US) have improved medical outcomes for cancers, neurodegenerative diseases, and trauma.  These imaging modalities are also used routinely in the hospital to aid in the prevention, detection and treatment of disease and injury.  The techniques offer assessments of tumor volumes, early indications of tissue pathology associated with trauma and response to surgical or pharmaceutical intervention.  Medical imaging also offers the capabilities to evaluate the early stages and longitudinal progression of disease through functional imaging techniques such as positron emission tomography (PET) (1).


The ability to identify injured regions of interest through imagery provides essential indicators for intervention planning.  Radiological techniques are key to assessing injuries to extremities sustained in combat (2).  In addition to characterizing injuries to the trunk and extremities, there has been much recent emphasis in the neuroscience community to use medical imaging to assess the psychological, cognitive and motor deficits produced by traumatic brain injury (TBI) or posttraumatic stress disorder (PTSD) that are sustained in recent combat.  The relationship between PTSD and TBI is unclear; however similar frequencies are reported for both PTSD and mild TBI (3).  While correlation between the two is not implied, imaging techniques, such as diffusion tensor imaging (DTI) are envisioned as part of the roadmap for the detection and treatment of each (4).


The use of these aforementioned techniques in the far-forward environment is limited by size, weight and power requirements.  PET, CT and MRI have the additional requirements for tracers and contrast agents.  These requirements have precluded techniques such as MRI and PET from use in the forward environment.  While CT can be found in the forward environment, it is not always available due to power and maintainability constraints.  Additionally, conventional imaging technologies such as US require in-depth training in image acquisition, post-processing and image interpretation.  Lastly, cost limits the widespread availability of most of these tools.


Optical imaging is an alternative modality that may complement battlefield medical assessments.  While initially confined to the laboratory, the discipline has begun to focus on biologically-relevant problems.  This is particularly true for cancer research (5).  Advances in signal processing over the past two decades have finally permitted the deconvolution of complex datasets which stem from the molecular signatures of tissues and cells.  

A number of optical tools have shown promise to detect the molecular signatures of cancer and are in clinical trials.  Photons ranging from between 200 and 16,000 nanometers interact with tissues in numerous ways, including absorption, scattering, fluorescence and phosphorescence.  These physical interactions offer a potential combination of high spatial resolution, in conjunction with high specificity and sensitivity to aberrations in tissue morphology and even cellular metabolism without the use of dyes or fluorescent proteins.


This article identifies several uses for optical spectroscopy for combat casualty care.  These were identified by means of literature search.  This publication is a distillation of several promising optical techniques relevant to dermal wound healing, burn characterization, and neuroimaging.  The paper is written from a pathological perspective and outlines research conducted in relevant optical techniques for each of these pathologies.  While not exhaustive in nature, this paper provides an overview of optical techniques relevant to commonly found combat-related injuries.  As part of the evaluations of these techniques, this paper will also discuss some current roadblocks for each technique that prevent translation into the battlefield for combat casualty care.


2.0
NEUROIMAGING WITH OPTICAL SPECTROSCOPY


Many groups are exploring non-invasive optical brain imaging, despite the complex optical properties of the skull, brain and associated tissues.  This paper highlights some current efforts with functional near infrared spectroscopy (fNIRS) for imaging of the cortex with respect to simple motor tests and cognition.  A review article written by Arenth et al. (6) provides a comprehensive overview.  The review notes several notable advantages for using this technique in the clinic. These included portability, cost, non-invasiveness and real-time monitoring of task performance.  Several examples of imaging with respect to the visual and motor cortices of the brain were described.  The work was primarily driven due to the localizations of function, which are well established for these regions of the cortex.  Many of the studies provided apparently good correlation with functional MRI and PET data.  One study highlighted in this review (Francescini et al. (7)) provided a comparison of active versus passive motor movement using fNIRS imaging.  The study compared active movement (via finger opposition task) with passive tactile stimulation (via touch by investigator) and electrical stimulation of the hand.  Hemodynamic response, as monitored by MRI and PET was observed in the sensorimotor cortex contralateral to the stimulated hand.  This was also observed using fNIRS.  Stronger hemodynamic response was associated with the active voluntary task.  Arenth et al. noted that this difference between active and mock task performance was identified in another study (8).  Also cited in this review were several studies relating to cognition.  Unfortunately, a lack of common methodology has prevented a comparison.  While the measurements were generally consistent with functional MRI, further study is required to substantiate this tool for use in cognition monitoring and testing.


A direct comparison of BOLD to fNIRS was recently completed studying activation in the human primary visual cortex (9).  This work is unique in that the statistical analyses used were common to both imaging modalities.  Webb et al. transformed the fNIRS data into Talairach space, converted to ANALYZE format, and analyzed using the same software tools as the BOLD data.  The authors noted that the statistical significance of fNIRS data was much lower than that of the functional MRI data.  This was attributed to the low signal-to-noise of the fNIRS measurements.  The authors cite high inter-subject variability in their measurements as the source of the poorer signal-to-noise ratio for the fNIRS data.  The authors also note that a better understanding of the complex optical properties of the skull and brain will indeed boost the signal-to-noise ratio for these measurements.  The authors provide several recommendations on how to achieve this available in the full paper.


Aside from potentially providing useful data regarding cognitive, psychological and motor status, fNIRS is under evaluation for monitoring trauma, such as hematoma or intracranial hemorrhage.  Irani et al. point to early work which showed that the technique could detect the formation of hematoma (10).  This work was conducted with patients admitted to hospitals that sustained head trauma.  A total of 40 patients were studied.  The intracranial hematomas were classified as subdural, epidural or intracerebral using CT.  In all 40 cases, fNIRS demonstrated greater absorption of light at 760 nm over the affected hemisphere with hematoma.  An attempt to classify CT outcomes with hematoma classification did not achieve statistical significance.  The review also described efforts for the detection of primary and secondary responses, such as increase in intracranial pressure, to brain injury in adults and children.  The authors conclude that while the technique shows promise, the issues cited by Webb et al. require rectification for the technique to advance towards standard of care for brain injuries.


It is undoubtable that innovations in the field will raise the signal-to-noise ratio for the fNIRS measurements.  The work will continue to benefit from better photon modelling, innovations in hardware and signal processing.  The primary task for now seems to be accurate modelling of the optical path for fNIRS, along with better understanding of both the absorptive and scattering properties of the cortex, skull and surrounding milieu.  It will also likely take on the nature of a hyperspectral approach, since tissue properties can be assessed using visible photons as alluded to in the exposed cortex work.  Accurate modelling will likely be a composite of empirical work, with an understanding that variability between measurents must be controlled for as well.  It is clear that work has begun to take advantage of the empirical data available for all studies using fNIRS.


3.0
ASSESSMENT OF WOUND HEALING


Human skin is a multilayered structure, primarily divided into the dermis and epidermis.  The epidermis is composed of four stratified layers ranging between 50–1500 m thick.  The dermis is primarily composed of the structural proteins collagen and elastin.  This layer typically ranges between 100–500 m thick and contains hair follicles, glands and other larger scale structures.  The thickness of all layers varies with body location (9).  Understanding the absorptive, emissive and scattering properties of each layer presents a series of challenging problems for optical imaging.  Recent advances in optical imaging such as the development of robust and cost-effective femtosecond lasers now allow for preliminary optical characterizations of these layers using techniques such as multiphoton microscopy (MPM).  This section highlights recent advances in the optical imaging of wound healing and burn characterization.

MPM comprises a series of optical techniques including second harmonic generation (SHG), coherent anti-Stokes Raman (CARS) and autofluorescence (9).  These techniques use non-linear excitation and are also referred to as nonlinear optical microscopy (NLOM), since they use multiple photons for excitation.  Since they use endogenous chromophores, they largely reveal information on structure and structural integrity within the skin.  Work with dyes is an emerging sub-discipline of NLOM; however it adds extra layers of complexity in terms of obtaining measurements.  Bardeen et al. did identify a study with SHG which could successfully differentiate normal, precancerous, and cancerous squamous epithelial tissues using an animal model of this disease.  The authors report several other successes in this area but also highlight the need for more research, especially with relation to building comprehensive libraries of skin tumor molecular signatures for MPM.  Additional applications are alluded to and include wound healing, but are limited to studies related to tumor destruction.


Other optical methods are already transitioning from cancer into studies of wound healing.  Kollias et al. (10) have used NIRS for imaging of cutaneous edema.  The authors note a variety of sources for this condition, including both cancer and trauma.  Conventional imaging for edema is a robust field, but requires imaging modalities such as CT or PET and a trained physician to review the images.  Kollias et al. evaluated the sensitivity and specificity of NIRS to detect histamine-induced edema in a total of eight patients.  Using characteristic absorption bands of water and hemoglobin, the investigators were able to demonstrate functional imaging of an edema reaction following histamine exposure via iontophoresis.  The investigators illustrate these observations by showing histamine concentration-dependent increases in oxyhemoglobin and water, while deoxyhemoglobin concentration remained constant.  Tissue scattering properties were altered as well and the investigators presented a light-scattering intensity map, which summarized this phenomenon.  The authors grossly addressed the change in tissue scattering in terms of an optical ‘‘dilution’’ of collagen fibers which resulted from extracellular water accumulation in the histamine-exposed areas.


An alternative technique, Optical Coherence Tomography (OCT) has been evaluated for wound healing (13).  This method was tested in vivo using a porcine model.  The authors cite that assessment of wound healing is largely subjective as it is accomplished largely by researcher or clinician.  Wounds were set at a depth of 600 m, which were estimated to require three to six days to completely re-epithelialize.  Due to animal size, the wounds were excised, but a portable system was suggested for use in future experiments.  Subsequent OCT and histological analyses were completed.  The correlation between percent re-epithelialization using OCT and histology was good (0.66; p < 0.001).  Interobserver correlation was very strong (0.88; p < 0.001) and strongly supports the correlation between histology report and OCT.

4.0
ASSESSMENT OF BURN


Re-epithelialization is also a critical part of the burn healing response.  Many superficial burns are capable of healing by rapid re-epithelialization.  More serious burns however require surgical intervention.  Tools such as clinical evaluation, biopsy and histology are available to verify degree and depth of burn; however, these methods are invasive and subjective.  Optical methods offer the potential for objective and non-invasive monitoring to improve standard-of-care for burns.  Several techniques are available, including thermal imaging, laser doppler imaging (LDI) and NIRS.  Monstrey et al. identified these techniques and this section supplements this review (14).


Thermal imaging has shown some potential for imaging burns (15).  In a preliminary study, Renkielska et al. studied burns using a porcine skin model to investigate an advanced form of static thermal imaging (STI).  Active dynamic IR thermal imaging (ADT) offers a method by which to quantitatively assess the mean values of skin temperature for the burn wound area and the unaffected reference skin area, which has proven challenging to accomplish with STI.  ADT assesses thermal tissue properties instead of changes in temperature distribution.  This is accomplished by measuring the steady-state temperature distribution of a given surface followed by mild thermal excitation.  The resulting thermal transients are captured, yielding a thermal time constant, .  The investigators were able to build a library of burns that were either less than or greater than 60% of the dermis thickness at the measurement site (dtms).  Wounds that were less than 60% dtms were expected to heal within 3 weeks, while wounds greater than this value were not expected to heal.  The mean value of the thermal time constant for burns shallower than 60% of the dtms (those healing within 3 weeks) was greater ( = 12.08 +/- 1.94 s) than for the ‘‘nonhealing’’ wounds ( = 9.07 +/- 0.68 s).  The difference was statistically significant (p < 0.05).  The future of this research will likely include burn depth assessment and volumetric studies.  Monstrey et al. did note that while the technique shows promise, evaporative and ambient heat losses need to be more readily accounted for (14).


LDI has also been assessed as a tool for burn measurements.  It works under the principle that laser light directed at moving blood cells will produce a frequency change that is proportional to the amount of perfusion in the tissue.  With respect to burn, it is a widely studied imaging modality for burn assessment and has preliminarily shown efficacy in some human studies for accurately detecting burn depth (14).  These reports neatly summarize the evolution, strengths and challenges for this technique to assess burn.  Early measurements required direct contact with the skin and have now evolved to distance scanning.  Monstrey et al. (14) also noted two reports that detailed superior accuracy in terms of predicting both depth and outcome when compared to clinical inspection.  In a prospective study of 76 intermediate depth burns, an accuracy of 97% was obtained for LDI in terms of depth prediction (16).  This was compared to visual inspection which typically yields accuracies of 60-80% for burn depth.  Indeed, the authors measured an accuracy of 70%. Monstrey et al. also cited another study with children.  In a study of more than 50 children, Holland et al. showed that clinical examination correctly determined 66% of patients with deep partial or full thickness burns, while LDI correctly determined burn depth in 90% of the patients (17).  In addition to high sensitivity, specificity for burn was equally good.


Jaskille et al. (18) recently published a critical review of LDI.  While the cited examples above highlight the successes of LDI, this review identifies several critical parameters that prevent LDI from widespread use in the clinic across diverse patient populations.  Examples included room temperature, patient positioning and respiratory rate.  Ambient temperature was shown to affect sensitivity and specificity of these measurements.  Additionally, while room temperature was controlled in several studies, it was noted that wound temperature was not studied and likely plays a role in terms of accurately estimating burn depth since temperature would undoubtedly affect the perfusion rate within the wound.  As part of the patient positioning issue, Jaskille et al. questioned what the correct distance from the wound should be and noted variability from 20 to 70 centimetres.  Concerns regarding the use of variable angles of measurement were also raised.  Jaskille et al. make a persuasive case for providing a better standardization of measurement conditions.  They also make the point that the perfusion rate varies with location and this must be factored into burn depth modelling for LDI.

NIRS is also applicable to burn and appears to be an emerging technique for burn research (14).  In a study of 16 patients, Cross et al. (19) used NIRS to assess hemodynamic information from burns.  They used a combination of point and camera imaging.  Point imaging was accomplished by means of a custom-built multifiber optic bundle.  As stated, previously NIRS offers an assessment of hemodynamics upon which a comparison of superficial versus full thickness burns was made.  Superficial burns showed increases in oxygen saturation and total hemoglobin when compared to control areas.  Full-thickness burns showed decreases in these parameters.  However, it should be cautioned that this effort was preliminary, considered a variety of anatomical sites with varying thickness and only superficially controlled for wound healing over time of measurement.


Other methods such as orthogonal polarization spectral imaging (OPSI) (20) are emerging as well.  A recent 2010 publication by Goertz et al. detailed a study using OPSI to evaluate 81 tissue burns between 1 and 4 days postburn.  The study showed that OPSI was slightly less than par for accurate determination of burn depth when compared to clinical evaluation.

5.0
CONCLUSION


Over the past few decades, optical spectroscopy has made great strides towards translating into the clinic for medical applications.  Literature search identified wound healing, burn assessment and neuroimaging as potential uses for these technologies.  Size and cost of all the technologies reviewed here are significantly than techniques such as CT and MRI, and require no tracer agents are required as compared to modalities such as PET and CT.  For each of the trauma conditions discussed in the article, it is clear that standard methodologies need to be developed before the techniques reach widespread use.  


This is in addition to better modelling of optical tissue properties in terms of absorption and scattering.  Better modelling of the substructures of the dermis and accounting for variability in thickness, temperature heterogeneities (at the wound site and in the room), and perfusivity at different body sites will undoubtedly standardize optical methods for assessing burn volume regardless of chosen optical modality.  There is a similar problem for imaging of brain trauma, in which the optical properties of brain tissue, skull, skin and the dura must be better understood before high resolution imaging of injury can be detected and diagnosed.


It is worth noting that optical spectroscopy has the potential for suitability in other aspects of trauma.  For example the early stage detection of infection.  One example provided by Naumann et al. demonstrated a bacterial classification system based on bacterial spectra obtained using Fourier-transform infrared spectroscopy (FTIR) (21).  As part of this project, a database of Staphylococcus, Streptococcus, Clostridium, Legionella and Escherichia coli spectra was developed.  The database contained 139 bacterial reference spectra and could identify unknown species, as tested with clinically isolated cultures.  This work was accomplished in vitro, but points to the potential of optical spectroscopy to quickly identify bacterial species.


It is hoped that both innovation in research and standardization of technique will lead to the translation of optical methods into the clinic and perhaps the battlefield.

The views and opinions expressed in this manuscript are those of the author(s) and do not reflect official policy or position of the U.S. Government.
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Abstract


Life threatening virus infections require the earliest possible identification in order to save lives and preserve wellbeing.  Field detection of viruses causing infection is vital to limit the detrimental effects of pathogen spread.  Currently, rapid identification of specific virus infections requires a minimum of days-to-weeks to accomplish, often requiring expansion of virus in cell culture before application of other diagnostic techniques, e.g., PCR, which requires some knowledge of what type of virus is involved for selection of appropriate primers, or immunoassays.    


We hypothesized that cells can be utilized as biosensors that can be probed using FTIR microspectroscopy to identify specific viruses to which they are exposed. We envision that this technology can be contained within a portable device to probe for infectious virus.  To test this hypothesis, we exposed cells to virus or mock-infected cell lysates to determine the earliest time points at which virus could be detected, identified, and differentiated from other agents.  Next, spectral bands that discriminated between viruses were selected and a neural network was trained to classify the spectra based on the selected bands.  Finally, we identified specific intracellular signaling pathways in cells at different time points following exposure to selected viruses. Induction of specific signaling pathways initiates the innate defenses in the cell in response to specific viruses.  Each specific virus has evolved and selected for different strategies to redirect these innate defenses to permit the virus to replicate successfully, a process, which is dependent on the cell remaining viable.



Introduction


The identification of agents that cause infection is often a labor-intensive process often requiring relatively sophisticated laboratories and highly trained personnel.  Days to weeks can be required before laboratory staff can inform medical personnel of the identity of an infectious agent.  More rapid identification requires some knowledge about the likely identity of the etiologic agent, e.g., outbreaks of influenza where many share common symptoms around the same time period.  Most of the time, however, considerable time lapses before unequivocal identification of infectious agents can be accomplished, delaying effective pharmacologic intervention and slowing the process of intervention by medical personnel.  

Among the most frequent causes of infectious disease are viruses. Viruses often must be grown in cell cultures for days to weeks before significant concentrations of these are available for identification.  Even after expansion of virus isolates in culture, the identification of the virus requires considerable expertise.  Antibodies that react with the virus isolates can be used to perform immuno-fluorescence assays (IFA) or enzyme immunoassays (ELISA), however, in the absence of some knowledge about the identity of the virus, it is not possible to know which antibodies to use.  The same holds true with using polymerase chain reaction (PCR), a technique, which may save considerable time and avoid the time loss due to trying to expand virus in cell culture.  Without some foreknowledge it is not possible to select primers to amplify viral DNA or RNA.  Each of these methods depends on the success of collecting specimens that contain the virus responsible for the infection under investigation.  Identification of the etiologic agent is the gold standard for diagnosis of infectious diseases, yet in many infections, isolation of the causative agent is not successful.  For this reason, indirect detection of infectious agents is often the only way to identify pathogens.  These detection strategies rely on detection of host responses induced by the presence of the pathologic agent, e.g., induction of antibodies, biomarkers, or other secondary indicators.  Antibodies are most often the target for detection to identify the causative agent, but these take the host 7-14 days or sometimes considerably longer to produce in concentrations sufficient for detection.  Furthermore, paired samples collected at two different time points at least 14-21 days apart are required to validate that the specific antibodies are increasing and are not simply present from an earlier, unrelated infection.  The other caveat is that again some knowledge of the suspect agent is needed to capture the antibodies, a process that requires use of homologous or heterologous virus responsible for the infection and immunoreactive with the induced serum antibodies.  The
 challenges of direct and indirect detection strategies currently available clearly make identification of infectious diseases time consuming, expensive endeavors. 


The most sophisticated and sensitive sensors of infectious diseases are cells exposed to the etiologic agents 
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.  Cells respond immediately to viruses, bacteria, fungi, and parasites in unique ways.  Cells encountering an agent immediately set off multiple defense alarms.  For example, cells respond differently to each type of virus encountered as a result of the types of receptors engaged on the cell surface as well as within the cells.  Cell responses are further defined by the virus-specific interruption of selected defense pathways, so two very similar viruses that engage the same receptor on the cell surface may have distinctly different abilities to effect intracellular signaling.  Differences in the types of cell defenses, the specificities of virus interference, and the kinetics of induction of cell pathways all work together and can be exploited to define the pathogen encountering cells.  Amazingly, these processes are put into motion within minutes to hours after the cell:pathogen encounter.  Detection of the interplay of cell sensing and pathogen presence, however, also requires considerable time and effort.  Therefore, we hypothesized that infrared microscopic interrogation of cells exposed to pathogenic viruses results in spectral profiles that can be used to identify specific pathogens within hours after exposure of cells in culture to virus-containing specimens. Although, considerable technology is required for virus detection and identification using this approach, we conceived the idea that proof of this concept could lead to the design of a portable field device that would obviate the need for sophisticated clinical laboratories, trained staff, and time required currently for pathogen identification.


Materials and Methods


Cells and Virus 

We selected Vero cells in culture to serve as biosensors of infection because these cells do not produce interferon, and thus are permissive to a broad range of viruses.  Vero cells (ATCC, CCL 81) were grown and passaged in Dulbecco’s modified Eagles media containing 10% heat inactivated fetal calf serum, penicillin (100 U/ml ), and streptomycin (100 µg/ml). .  We selected three different viruses for the proof-of-concept experiments presented here, herpes simplex virus type 1 (F strain) (HSV-1), coxsackie virus B3 (CX), and human adenovirus type 5 (Ad5). Each virus stock was obtained from ATCC and subsequently propagated on Vero cells, as needed, to produce single stock viruses for use in each experiment.  We prepared virus stocks from infected cells by freeze-thawing these at 48 hours post infection.  Each virus stock was quantified using the standard plaque assay to enable us to equalize infectious virus particles to be used to define each virus-specific infected cell infrared spectrum.  Vero cells were infected at 90-95% confluency in log phase growth using a multiplicity of infection (MOI) of 10 to ensure that each cell in the monolayer was infected, establishing that each cell would be responding similarly in order to define the cell spectrum when a specific virus was encountered. The control for each cell sensor was exposure to uninfected, lysed Vero cells (Mock infections) prepared in an identical manner to virus stock as described above.  Infected and mock infected cells were harvested at various time points following infection, including two hours, four hours, six hours, and 24 hours.  Cells were harvested by scraping into PBS using a plastic cell scraper, then pelleted, and resuspended in PBS for application to ZnSe or Low E windows for analysis.  Infections presented in this paper were repeated 20 times to permit statistical processing of data to determine the sensitivity and specificity of the spectra generated by each virus infected cell sample and to allow for sufficient numbers of samples to train the locally developed neural network for analysis of automated processing.


Analysis of Cells Using FTIR Microspectroscopy  


Virus or mock-infected cells placed onto ZnSe windows were air dried and subsequently examined within 30 minutes.  FTIR measurements were made using a Varian 7000 FTIR spectrometer that is coupled to a Varian UMA600 IR microscope (Stingray system).  The microscope has both IR transmission and reflection capabilities, using on-axis, matched 15 X Schwartzchild objectives and condenser.  The microscope is also equipped with a visible light source and a visible 640 X 480 CCD camera, which allows capture of visible microscopic images from the same region that is interrogated via FTIR. Analysis was performed at 2 cm-1 resolution.  
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Data Processing

Spectra were imported into an Excel Spreadsheet to perform vector normalization and offset correction using OPUS software.  We calculated the 21-point moving minimum from the vector normalized and offset corrected data for each spectrum.  We compared the normalized waveform to its 21-point moving minimum.  If the difference was less than a threshold value, at any given wavenumber, we selected that wavenumber as a potential critical point.  We selected those critical points that were common to a minimum number of spectra.  The threshold value and minimum number of spectra were selected by observing the number and location of critical points on a graph of the average normalized spectrum.  We selected the wavenumbers 799, 892, 941, 1185, 1290, 1349, 1427, 1479, and 1492 cm-1 as critical wavenumbers.  We calculated the slope and intercept of the straight lines between the absorbance at each of those points and stored the results in a lookup table.  We calculated a piecewise linear baseline from the values in the lookup table.  We subtracted the piecewise linear baseline from the normalized spectrum.  We selected three representative waveforms to illustrate the results of piecewise linear baseline subtraction.


Statistical

A pairwise comparison method was used to minimize Fourier transform infrared spectroscopy data variability among intra-group experiments.  To accomplish this, pairwise comparison of inter-group values such as virus infected versus mock infected cells from multiple experiments performed over a one year period were performed.  We standardized and smoothed the spectra following FTIR analyses, then used the Wilcoxon-rank-sum test with Bonferroni’s correction to select the frequency ranges that may optimally differentiate viruses.  Finally, we used either logistic regression or the partial least squares method to find spectral markers by which we can differentiate these viruses.  To gauge the goodness of the spectral markers, we used sensitivity, specificity, and area under the receiver-operating-characteristic (ROC) curve to measure the discriminating power.  A straightforward principal-components method and a simple t-test have been commonly used also, but sensitivity, specificity, and area under ROC curves performed superior to the other tests.  We also used cross-validation as well as bootstrap methods to compare the shrinkages of the above measurements.   

Neural Network Analysis of Processed Data

Spectra from Vero cells exposed to mock, HSV 1, adenovirus, and coxsackie virus were standardized within infections by normalizing individual spectra to mean and standard deviation, smoothing with a five-point moving average and averaging twenty spectra from each of 20 datasets by 3 infections by 3 times, which equals 180 observations.  Graphical and ROC curve analysis were used to select discriminators.  Ten discriminators consisting of absorption and difference spectra from bands centered at 1086 and 1301 cm-1 were used to train a 10 X 12 X 3 feed forward, back propagation neural network with 10 data sets and test it with 10 data sets.  


Parallel Analysis of Temporal Molecular Events in the Cell Biosensor

We used the Human Proteome Profiler Arrays to identify the specificity and kinetics of signal transduction pathways that were induced following exposure of the Vero cell biosensors in culture.  We also performed real-time polymerase chain reaction (RT-PCR) microarray studies at selected time-points of infection using HSV-1, human adenovirus type 5 (Ad5), and CX.  The first array detected the genes that express chemokines, cytokines, and their receptors (PAHS-011, SuperArray Bioscience) that provide insight into the cell biosensors’ defenses that are not disrupted by virus-specific proteins.  The second array (PAHS-014, SuperArray Bioscience) profiled the expression of key genes related to the signal transduction cascades.  The third array profiled the expression of key genes related to the induction of NF(B-mediated signal transduction pathways (PAHS-025, SuperArray Bioscience).  SuperArray Bioscience web-based software was used to compare the expression data from virus- and mock-infected cell biosensors at two, four, eight, 12, and 24 hours following exposure of cells to infected and uninfected cell lysates.  For each array experiment, total RNA was prepared from the virus- and mock-infected cells using the RNeasy Miniprep protocol (Qiagen) and used to generate cDNA for quantitative real-time PCR (qPCR).  An aliquot of 3.5 (g of RNA from each sample was converted to cDNA using RT2 First Strand Kit (C-03; SuperArray Bioscience).  Then cDNA was combined with ready-to-use RT2 SYBR Green qPCR Master Mix (PA-012, SuperArray Bioscience) in a 96-well format plate according to the manufacturer’s instructions.  The qPCR was performed using real-time PCR (7900HT 96-well clock, Applied Biosystems).  The thermocycler parameters were 95°C for 10 minutes, 40 cycles of 95°C for 15 seconds, and 60°C for one minute.   Each sample was used to quantify transcripts specific for the genes modulated as a result of the intracellular signaling pathways engaged and countered by each virus during the infection of the cells.  Gene expression of virus-infected cells was compared with mock infected cells at each time point.  Relative changes in gene expression were calculated using the Ct (cycle threshold) method.  The thresholds and baseline used were the same across all RT-PCR array runs in the same analysis.  The Ct values greater than 35 or “not detected” were considered as negative.  An average of the number of cycles of the two housekeeping genes, GAPDH (glyceraldehyde-3-phosphate dehydrogenase) and ACTB (actin-(), were used to normalize the expression between samples.  The fold-changes in gene expression between virus and mock-infected RNA samples (for pair-wise comparisons) were calculated using the ((Ct method in PCR Array Data Analysis Web Software portal (SuperArray Bioscience) and transferred into Microsoft Excel format.  Expression data was presented as actual fold-change in gene expression.  If the fold-change in gene expression was greater than 1, the result was reported as an x-fold up-regulation.  If the fold-change was less than 1, then the negative inverse of the result was reported as x-fold down-regulation.


Results


Cell biosensors analyzed by FTIR at different time points following exposure to each different virus or mock cell lysates produced spectra that could be differentiated by absorption intensity differences at specific wavenumbers.  Vero cells were used as the biosensors for detection of HSV-1, Adenovirus, and Coxsackie virus B3, three human pathogenic viruses that represent double-stranded DNA viruses and a positive single strand RNA virus.  Each time point was analyzed to determine the earliest time point at which infected cells could be differentiated from uninfected cells and the earliest time point at which each virus could be identified from other viruses.  These studies were focused on HSV-1, Coxsackie virus, Adenovirus, and mock infected cells to establish the validity of this unique pathogen detection system.  


In order to demonstrate the temporal changes that can be seen during the course of a virus infection, cells were infected with Coxsackie virus at a multiplicity of infection (MOI) of 10, and at selected time points, cells were prepared as described in Materials and Methods.   FTIR absorbance spectra were collected from dried cell suspensions in the 1500-800 cm-1 spectral region.  Initially, to find the earliest time point at which virus infection could be identified, the spectra were measured for each cell suspension at two, four, six, eight, 12, and 24 hours post infection.  By 10 independent repeating experiments under the same conditions, our results showed that observable changes in the IR spectra following virus infection occur at six hours post infection.  By eight hours post infection changes in both band positions and band intensities were observed.  Furthermore, two small bands at 1153 and 917 cm-1 were shifted up 16 and 8 cm-1 to 1169 and 925 cm-1, respectively.  A dip at 1068 cm-1 decreased with increasing infection time.  Peak intensities were increased at 1242 cm-1 and 1085 cm-1 as infection time progressed.  In addition peak intensity at 970 cm-1 increased at eight hours post infection. Observations with Coxsackie virus infected cell biosensors are shown in Figure 1.
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Figure 1: Averaged IR absorption spectra in the 1500-800 cm-1 region from 10 independent experiments using Coxsackie virus infected cells. Cells were infected with a multiplicity of 
infection of 10 at 2(red), 4(purple), 6(magenta), 8(olive), 12(blue), and 24(green) hours 
post infection. All spectra were vector normalized. The y-axis represents relative 
absorption intensities.  The graph shows obvious spectral changes in 
band positions and intensities from virus infection.

To determine the earliest time point at which we could see evidence of biosensor signals indicative of specific virus exposures, we infected cells as described and collected spectral data for analysis. Results indicated that six hours following a virus encounter with a cell was sufficient time to discriminate HSV-1 and Coxsackie virus from mock infected cell biosensors.  Identification and differentiation of adenovirus has proved to be more challenging, however, biosensors infected with adenovirus can be differentiated from other virus-infected biosensors. Identification and differentiation of adenovirus proved to be more challenging.


To train the designed neural network, we identified the mean values of average standard absorbance at specific band numbers for cells that were infected with HSV-1, adenovirus, or mock infected.  These are shown in Figure 2.  The bands that were selected at different time points to discriminate which virus infected the cells were 1086 cm-1 at 2, 4, and 6 hours. 1301 cm-1 at 2, 4, and 6 hours, 1301 cm-1 at 6 minus 2 hours, and 1086 cm-1 minus 1301 cm-1 at 2, 4, and 6 hours.  Discrimination of cells treated with uninfected cell lysates from adenovirus infected lysates failed.


We also developed a partial least squares (PLSR) regression model, using difference spectra (Mock – Mock, Cox – Mock and HSV - Mock) at 6 hours post exposure.  For multinomial classification, the PLSR model selected discriminators at 971, 975, 979, 1172, 1222, 1280, 1284, 1287, 1291, 1295, 1299, 1303, 1307 and 1388 cm-1 and calculated a single predicted value.  Figure 3 shows the distribution of the predicted value of the PLSR model for the difference spectra of cells treated with mock infected lysates, Coxsackie virus, and HSV 1.  The sensitivity of the PLSR model was 85%, 85 %, and 90% for mock infected lysates, Coxsackie virus and HSV 1, respectively.  We observed even better results with binomial classification.  The PLSR is similar to multiple linear regression analyses, but permits the analysis of data sets that have more variables than observations.
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Figure 2: Mean values of average standard absorbance for the Mock, HSV1 and Adenovirus datasets.  
The discriminators from left to right are: (1, 2, 3) 1086 cm-1 at 2, 4 and 6 hours respectively,  (4, 5, 6) 1301 cm-1 
at 2, 4 and 6 hours  respectively, (7) 1301 cm-1 at 6 minus 2 hours, (8, 9, 10) 1806 cm-1 minus 1301 cm-1 
at 2, 4 and 6 hours respectively.  The network was trained in 10,000 iterations and discriminated 
HSV1 infection from both Mock and Adenovirus infection with an accuracy of 28/30 = 0.933 
(95% CI: 0.774 to 0.991) in both the training and test sets. The network failed 
to discriminate Adenovirus from Mock infection.
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Figure 3: Box-plot for Mock, HSV1 and Coxsackie infected cells.  The graph shows the distribution of the output of the partial least squares regression (PLSR) model for Mock (0), Cocksackie virus (2) and HSV1 (3) infected cells.  The cutoff values were set at Mock: <0.1, Cox: >= 0.1 and <= 1.0 and HSV1: > 1.0.

Identification of Molecular Events in Cell Biosensors Following Exposure to Different Viruses

To identify the molecular events in the cells following exposure to virus or mock infected cells at different time points, we identified the cytoplasmic adapter molecules that were phosphorylated.  Phosphorylation is one of the major and most frequent modifications induced when homeostasis is disrupted. Cell adapter molecules are recruited in response to specific insults, e.g., virus infection, bacterial infections, or cancer. Phosphorylation of adapter molecules as they are recruited to complexes that form in a cascade manner, lead to the expression of genes that encode the innate defense components. As countermeasures to this process, viral proteins inhibit those defenses.  We hypothesize that by analyzing the pathways that are induced and finding where these are interrupted, the identity of the virus can be revealed.  Knowledge of these pathways can help focus FTIR analysis on spectral regions associated with the pathway activities and alterations caused by each specific virus. In these studies, we identified early activation of cytokine and chemokine genes in Coxsackie virus infected cells.  Nineteen inflammatory genes in the cell biosensors were induced at 2 hours post Coxsackie virus exposure, whereas biosensors exposed to HSV-1 showed a significant time shift of inflammatory gene induction, reaching a maximum after 8 to12 hours post infection. The subsets of early-induced genes were also different, as the major distinct molecular markers of Coxsackie virus exposed cells were IL-8, CXCL6, and CCL20 with increased expression at 2 to 4 hours following infection. In contrast, HSV-1 infected cells activated a broader group of genes, including CXCL9, CXCL5, CXCL11, TNF(, LTA, IL9R, CCR4, CCL5, and IL1F6 at 4 to 8 hours post virus infection.  The TNF( genes were activated to a greater extent in HSV-1 exposed cells, while IL-8 gene expression exceeded that of TNF( in Coxsackie virus infected cells. Additionally, we observed that HSV-1 up-regulated chemokine receptor gene expression significantly when compared to Coxsackie virus, which down-regulated these genes.  In contrast to HSV-1 and Coxsackie virus, adenovirus virus exhibited inflammatory-related gene expression, only detectable after 24 hours following exposure of cells.  Table 1 shows the representative relative regulation of each gene involved in cell antiviral responses on the arrays.


Table 1: Genes up- and down-regulated to a higher level in virus-infected than in mock-infected Vero cells at 2 h post infection. The red and green arrows mark the up-regulated and down-regulated genes respectively in infected cells. The dashes show the genes with RNA expression values, which did not meet the four-fold change threshold. If unidirectional four-fold changes were observed in 5 out of 5 observations and no changes of less than four-fold were observed in any observations, the 95% confidence interval on the probability of a four-fold threshold difference in expression when compared to mock-infected controls.
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Representative analyses from cells exposed to HSV-1 and Coxsackie viruses are shown in Figure 4 to illustrate the temporal differences in IL-8 and TNF( expression. 

a.






b.




c.






d.






Figure 4: Kinetics of IL-8 and TNF gene expressions in HSV-1 (a) and Coxsackie (CX) infected cells. HSV-1 (a) and coxsackie virus (b) triggered significant transient upregulation of TNF(, and IL8 genes, however HSV-1 delayed IL8 mRNA expression. The IL8 transcript level increased in HSV-1 infected cells after 4 h post infection. The IL8 gene response prevailed over TNF-alpha responses during coxsackie virus infection, while TNF-alpha gene activation dominated that of IL8 during HSV-1 infection. These experiments represent data from (4) independent experiments.  (c) Fold-regulation comparative changes between HSV-1 and Coxsackie when measuring chemokines CCL20, CXCL9, CXCL6, cytokine LTA, transcription factor FOS, and WNT1 genes expression. Each data point on the graph is the mean of gene fold-change regulation from at least three independent experiments. Error bars indicate standard deviations.


Analysis of the molecular markers IL-8, TNF(, CCL20, CXCL9, CXCL6, LTA and WNT1 can be used as an example of the different time points at which each virus modulates the cell response to infection.  By comparative analysis of fold-change, time, cytokines, and chemokines, these two viruses can be differentiated within 2 to 6 hours after cells were exposed to each. Together, these data demonstrate that pathways that drive the induction of specific genes in infected biosensors are different depending on the virus.  Induction patterns as well as temporal differences in some similar pathways can be used to discriminate between cells infected with each virus. The adaptor molecules that drive the transcription of each of the gene sets described will be further studied in order to focus on these as potential correlates of spectral changes over time following infection relative to each virus.  Induction of these genes is preceded by cytoplasmic adaptor molecule recruitment with each adaptor being phosphorylated or dephosphorylated to activate the cascade of events leading to the regulation of transcription of cell defense molecules, e.g., cytokines and chemokines.  

Discussion


FTIR spectra have been used previously to identify cells at different stages in the cell cycle 
 ADDIN EN.CITE 

[6,7]
 and to identify virus in cells 
 ADDIN EN.CITE 

[8,9,10,11]
but only after 48-72 hours post infection. In this study, we hypothesized that virus infected cells could be identified within hours post infection by analysis of FTIR spectral patterns.  Spectral analysis has been used to identify perturbations in cells 
 ADDIN EN.CITE 

[6,12]
, thus we hypothesized that spectral analysis of cells at early time points post infection could be used to identify the infecting virus.  We selected a cell type, Vero cells, that was permissive to the widest number of viruses due to the absence of interferon genes that otherwise make many cell types resistant to virus infections. Since early innate defenses are highly conserved in mammalian cells,, however, would not all cells respond similarly?  In fact, these defenses are highly conserved, however each virus has selected for traits that have co-evolved with the virus and host in such a manner that the virus and host have a series of orchestrated interactions that result from the virus disruption of host defenses and host countermeasures to circumvent cell death 
 ADDIN EN.CITE 

[13,14,15]
.  Even when similar mechanisms of virus:host interactions exist, temporal differences in the these macromolecular interactions exist as shown in this study. Cells, in fact, are perhaps the most sensitive detectors of pathogens and spectral analysis of cells under attack reveal that infected cells can be identified, as well as the virus that is causing the infection, all within hours after the host:virus encounter occurs. 


This work reveals for the first time that analysis of FTIR spectra from cells can be used to identify viruses within 2 to 6 hours post infection and that viruses can be differentiated based upon the spectra from chemical changes within cells.  The macro molecular events that correlate with cell spectra are not currently known, but validation of differences in molecular activities of cells infected with different viruses is presented here to demonstrate that molecular events in the infected cell confirm that each of these viruses modulate the cell differently and uniquely.  Identification of unknown viruses at this early stage of infection using this novel diagnostic approach has the potential to revolutionize the identification of infectious diseases.  Clinical providers can use this technology for rapid pathogen identification to implement specific therapies within hours after seeing patients suffering from infections.  Similarly, critical supply sources, e.g., water, soil, food supplies can be monitored for pathogen contamination.  Currently available technologies require days to weeks to identify infectious agents, while this technology promises rapid identification of pathogens within hours following exposure of cells to pathogen contaminated samples.  
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Abstract

Among the available chemical warfare agents, sulfur mustard (SM), also known as mustard gas, has been a widely used chemical weapon. Because of its devastating toxicity, its use during the World War I earned it the sobriquet “king of the battle gasses”. The toxicity of SM as an incapacitating agent is of much greater importance than its ability to cause lethality. In our laboratory, we have shown that, acute toxicity of SM is related to reactive oxygen and nitrogen species, DNA damage, poly(ADP-ribose) polymerase activation and energy depletion within the affected cell. Therefore, a variety of antioxidant molecules including N-acetyl cysteine, alpha-tocopherol, and melatonin may exert beneficial effects against acute mustard-induced toxicity. Because excess nitric oxide and peroxynitrite also involve in the pathogenesis of SM-induced toxicity inhibitors of nitric oxide synthase (e.g., aminoguanidine), and peroxynitrite scavengers (e.g., ebselen) may also alleviate the chemical damage. 


In spite of the knowledge about acute SM-induced cellular toxicity, unfortunately, it is not clear how mustard gas causes severe multi-organ damage years after even a single exposure. Because of difficulties to create delayed toxicity of SM experimentally, we have almost no idea about the efficacy of molecules used against acute SM-induced toxicity. Nevertheless, 100,000 Iranian casualties are still suffering from the detrimental effects of SM in spite of the extensive treatment. A variety of treatment modalities including antioxidants, anti-inflammatory drugs and others have resulted no promising results. We, therefore, made an attempt whether epigenetic aberrations may contribute to pathogenesis of mustard poisoning. 

The term epigenetic describes the study of inheritable alterations in gene expression that occur in the absence of changes in genome sequence. This is in contrast to genetics, which deals with the transmission of information based on differences in DNA sequence. Therefore, epigenetic gene regulation requires molecular mechanisms that encode information in addition to the DNA base sequence and can be propagated through mitosis and meiosis. Our current understanding of epigenetic regulation of gene expression involves basically two classes of molecular mechanisms: histone modifications and DNA methylation. A variety of enzymes are involved in this process including most importantly histone deacetylases (HDACs), histone acetyl transferases (HATs) and DNA methyltransferases (DNMTs). 


Preliminary evidence obtained from our laboratory reveals that exposure to mustards may not only cause nitro-oxidative stress and DNA (genetic) damage, but epigenetic perturbations as well. Epigenetic therapy is a new and rapidly developing field in pharmacology. To date, most trials of epigenetic drugs have been conducted to evaluate their effects on cancer, many of which have shown promising results. Epigenetic drugs alone or in combination with conventional drugs may prove to be a significant advance over the conventional drugs used to treat both acute and delayed SM toxicity. Future studies are urgently needed to clarify the mechanism of delayed SM-induced toxicity and novel treatment modalities.


Key words: mechlorethamine, toxicity, epigenetic, histone acetylation; DNA methylation 

1.0
INTRODUCTION 

Among the available chemical warfare agents, sulfur mustard (SM), also known as mustard gas, has been a widely used chemical weapon. Because of its devastating toxicity, its use during the First World War I earned it the sobriquet “king of the battle gasses”. Other compounds such as nitrogen mustard (HN2) were developed during World War II, but found to be unsuitable as a munition [1, 2]. Soon after discovering HN2, it became the first non-hormonal agent used in cancer chemotherapy. A number of nitrogen mustard derivatives such as cyclophosphamide (CP), ifosfamide (IF), mechlorethamine, melphalan and chlorambucil are valuable cytotoxic and radiomimetic agents for the treatment of cancer [2]. 


1.1
Proposed Mechanism of Acute Toxicity

SM is absorbed by inhalation or through the skin following exposure. Potent alkylating activity is not a result of mustards themselves but is due to their derivatives including sulfonium and carbonium for SM, and aldophosphamide and acrolein for CP. These derivatives are also responsible for the side effects of chemotherapeutic mustards. After absorption, SM undergoes intramolecular cyclization to form a sulfonium or carbonium intermediate. This, in turn, reacts with and alkylates nucleic acids and proteins, resulting in impaired cell homeostasis and eventual cell death. Oxidative and nitrosative stress contribute to the early effects of SM poisoning. It typically affects 3 major organ systems: skin, lungs, and eyes. When absorbed in large amounts it can also damage rapidly proliferating cells of the bone marrow and cause severe suppression of the immune system, as well as other systemic toxicities such as neurologic and digestive disorders.


After several decades of research it was revealed that CP and other toxic agents share most of the same pathophysiologic mechanisms [3, 4]. Recent data consistently proves that reactive oxygen species (ROS) [5-7] as well as reactive nitrogen species (RNS), for instance excessive amounts of nitric oxide (NO) produced by inducible nitric oxide synthase (iNOS) [8-11], involve in initial detrimental effects of all mustards. Currently, available knowledge supports the idea that a major cause of the toxicity of SM as well as other mustards is the formation of enormous amounts of the highly toxic reactant, peroxynitrite (ONOO(), [12, 13]. Thus, both oxidative and nitrosative (nitro-oxidative) stress take place in pathophysiology of acute mustard toxicity. 


A direct toxic effect of ONOO( at the site of its production involves an intriguing process which decides the fate of cells. ONOO- is per se not a radical but is a powerful nitrosating agent. ONOO- interacts with and covalently modifies all major types of biomolecules including membrane lipids, thiols, proteins and DNA [14, 15]. ONOO( activates matrix metalloproteinases (MMPs) [16, 17] and triggers the expression of selectins and cellular adhesion molecules, via enhancing of NF-(B activation [18], thereby promoting pro-inflammatory responses. 


The mutagenic properties of ONOO(-induced modified products have also been determined [19, 20]. Several studies have shown that NO itself does not induce DNA single-strand breaks in vitro in plasmid DNA [21, 22], whereas exposure of plasmid DNA to pre-formed ONOO( [23] or NO plus O2(( generated concurrently [24] induces DNA strand breaks. Single strand breakage can be induced by treatment with very low concentrations of ONOO( indicating that this agent is a potent inducer of this type of damage to DNA [25]. These observations suggest additional pathways by which ONOO( may be associated with not only elevated DNA damage but also impairment of DNA repair capacity [26]. ONOO( induces apoptosis and necrosis in cells. More highly elevated exposure of this agent is associated with necrosis rather than with apoptosis [18, 27]. In this mechanism, activation of the DNA repair enzyme poly(ADP-ribose) polymerase-1 (PARP-1), a member of PARP enzyme family, mediates ONOO(-induced necrosis. PARP-1 detects and signals DNA strand breaks induced by a variety of genotoxic insults. Upon binding to DNA, strand breaks occur and, PARP transfers ADP-ribose units from the respiratory coenzyme nicotinamide adenine dinucleotide (NAD+) to various nuclear proteins. From a physiological view point, PARP-1 activity and poly(ADP-ribosyl)ation reactions are implicated in DNA repair processes, the maintenance of genomic stability, the regulation of gene transcription, and DNA replication. An important function of PARP-1 is to allow DNA repair and cell recovery under conditions associated with a low level of DNA damage. In case of severe DNA injury, overactivation of PARP-1 depletes the cellular stores of NAD+, an essential cofactor in the glycolytic pathway, the tricarboxylic acid cycle, and the mitochondrial electron transport chain. As a result, the loss of NAD+ leads to a marked reduction in the cellular pools of ATP, resulting in cellular dysfunction and cell death via the necrotic pathway [18, 27]. This is known as “suicide hypothesis” of PARP activation and seems to be a regulatory mechanism to eliminate cells after irreversible DNA injury. Experimental evidence has established that the PARP-1 pathway of cell death plays a pivotal role in tissue injury and organ dysfunction in CP-and SM-induced toxicity [28, 29]. Cells that are intoxicated by SM and are repaired by the PARP-1 seem to be responsible of the delayed toxicity. These cells should be free of major DNA damage, are able to divide but they also have either light to mild but not severe DNA damage and/or other type of damages. 

1.2
Delayed Toxicity of Sulfur Mustard

Unfortunately, it is not clear how mustard gas causes severe multi-organ damage years after even a single exposure. It is well known that most metabolites of mustard agents are excreted in the urine within a few weeks after exposure [30]. It is also well documented that mustard analogues such as CP and IF severely damage DNA and other molecules, and have toxicity long after the initial exposure leading to cell death and an increased likelihood of cancers [31]. As noted above, the initial toxicity of mustards relates to a massive onslaught of highly reactive oxidizing and nitrosating molecules. For most mustard agents, once these changes occur the cellular effects essentially disappear. For SM, however, there are delayed progressive effects which render victims incapacitated for years [32-36]. The pathophysiologic mechanism of delayed mustard gas toxicity currently has no clear mechanistic explanation. 

1.3
Epigenetic Perturbations; Possible Explanation of SM-Induced Delayed Toxicity

If the nuclear DNA in a cell is damaged, it is either repaired via several means including DNA repair enzymes [37] or the cell eventually dies [18, 38]. However, if SM causes not only genotoxicity but also it alters epigenetic processes, this could explain, at least in part, the delayed effects of this warfare agent. We propose that, the epigenetic regulation of the DNA may be the underlying mechanism of delayed effects of SM [39, 40]. 

A genetic change is thought of as a permanent, inheritable change affecting every cell if it is passed along through the germline. However, these assumptions are not totally correct. In addition to the DNA inheritance system underlying classical genetics, it is now recognized that variations can be transmitted between generations in other ways; the epigenetic inheritance system (EIS). The traditional view that gene and environment interactions control disease susceptibility can now be expanded to include epigenetic reprogramming as a key determinant of origins of human disease [41]. The term epigenetic describes the study of heritable alterations in gene expression that occur in the absence of changes in genome sequence. This can be contrasted with genetics, which deals with the transmission of information based on differences in DNA sequence. Therefore, epigenetic gene regulation requires molecular mechanisms that encode information in addition to the DNA base sequence and can be propagated through mitosis and meiosis. Our current understanding of epigenetic gene regulation involves two classes of molecular mechanisms: DNA methylation and histone modifications [42, 43]. 

The chromatin structure is influenced by DNA methylation and DNA-histone interactions. The DNA-histone interaction is further influenced by covalent modification of histones and the action of DNA-binding proteins. The epigenotype can be transmitted from parent cell to daughter cell maintaining a specific epigenotype within cell lineages. Thus, the phenotype is a result of the genotype, the specific DNA sequence, and the epigenotype. The genotype must exist in a particular chromatin configuration, the epigenotype, which allows a secondary level of fine control over gene expression. EIS is generally accepted less stable than the genetic system, and more sensitive to environmental [44], nutritional [45] and chemical toxicants [46, 47]. Epigenetic memory of cells can be passed on to subsequent generations and can transfer the perturbed epigenome upon unaffected or normal genetic sequences. The epigenotype shows far greater plasticity than the genotype, and it has been speculated that epigenetic errors could be a major contributor to human diseases [48].

A variety of enzymes are involved in this process including most importantly DNA methyltransferases (DNMTs), histone acetyl transferases (HATs) and histone deacetylases (HDACs) [49]. Indeed, the transcriptional status of all genes (silent, repressed or active) is determined by its chromatin environment and many molecular responses to toxicants involve alterations in gene expression that are elicited via changes in the chromatin structure of target genes. 


Since the genome contains information in two forms, genetic and epigenetic, become clear, initial studies focused on human cancers and rapidly revealed that most of human cancers are relevant to epigenetic aberrations (i.e., epimutations) [50] including epigenetic silencing [51] of tumor suppressor genes because of hypermethylation [52]. To date, numerous tumor suppressor genes have been found to undergo hypermethylation in cancer [53, 54]. Such epimutations rarely appear in healthy tissue, indicating that epigenetic therapies may have high tumor specificity. Currently, two DNMT inhibitors (DNA demethylating drugs) received US Food and Drug Administration approval for the treatment of myelodysplastic syndrome: 5-azacytidine (Vidaza() and its derivative decitabine (Dacogen() are now being marketed [55] and several presently available drugs are under extensive clinical investigations [56]. 

Exposure to mustards may trigger a variety of mechanisms along with nitro-oxidative stress, inflammation and DNA damage. If this is the case, a number of drugs (e.g., anti-oxidants, anti-inflammatory agents) in treatment of experimental toxicity may not be beneficial for victims. Data based on the experience in Iranian veterans exposed to the agent during the Iran-Iraq conflict (1983–88) have clearly shown that toxicity of SM is almost incurable even extensive treatments [57]. It was described that the toxic effects of SM poisoning in a group of 40 severely intoxicated Iranian veterans, 16–20 years after their initial exposure. The most commonly affected organs, in this study, were lungs (95%), skin (75%) and eyes (65%) [33]. Another clinical study revealed that the delayed toxicity of SM persists on the respiratory tract (78%), central nervous system (45%), skin (41%) and eyes (36%) in 236 Iranian veterans in between 2 and 28 months after exposure [32]. In a study by Khateri et al. (2003) on 34,000 Iranians, 13–20 years after exposure to SM, the most common complications were still found in the lungs (42.5%), eyes (39%), and skin (24.5%) [58]. Although, a vast array of experimental remedies, there is no consensus on medical management of victims exposed to mustard gas, other than thorough decontamination and supportive care. Therefore, this paucity of information regarding the medical management warrants novel approaches to the pathogenesis of SM poisoning. We recently reviewed the possible epigenitc mechanisms involved in the pathogenesis of mustard toxicity [59]. 


Preliminary results of our laboratory revealed that, meclorethamine itself and/or its intracellular metabolites perturb the epigenetic environment of the affected cell in lung tissue. Hypothetically, MEC may cause HDAC induction leading to a variety of gene silencing. Since the animals were healthy and free of disease, inhibiting HDAC by Trichostatine A means that, mustards may activate HDAC which results in silencing a variety of beneficial genes which code, for example, anti-oxidant enzymes and anti-inflammatory proteins. Since decitabine worsen the MEC-induced lung injury, inhibition of DNMT may silence the genes those are physiologically silenced but require methylation to be activated. Although these genes have normally lower activation level or totally inactive, any proper stimulus can cause gene activation. From this manner, it seems logical that, by inhibiting DNMT, we may block gene expression such as anti-oxidant enzymes and anti-inflammatory proteins. If this mechanism is true, inhibiting HDAC may block the silencing of beneficial genes, on the contrary inhibiting of DNMT may result the silencing of the same group genes. Further studies are needed to clarify the involvement of epigenetic perturbations in the pathogenesis of mustard toxicity.


2.0
CONCLUSION

It seems that epigenetic modifiers have influence on gene expression in the pathogenesis of mustard-induced lung toxicity. Epigenetic therapy is a new and rapidly developing area in pharmacology. To date, most trials of epigenetic drugs have been conducted to evaluate their effects on cancers, many of which have shown promising results. Epigenetic drugs alone or in combination with conventional drugs may prove to be a significant advance over the conventional drugs used to treat both acute and delayed SM toxicity. Since epigenetic defects are thought to underlie a broad range of diseases, the scope of epigenetic therapy is likely to expand. At present, the targets for epigenetic drugs are DNMTs and HDACs, but since a variety of molecules are involved in epigenetic mechanisms, there are several other targets as well. 


Collectively, we may speculate that, mustards may cause epigenetic perturbations within the affected cells and reducing mustard-induced lung toxicity requires gene activation rather than gene silencing. This preliminary observation warrants future studies to clarify the epigenetic perturbations in the pathogenesis of delayed-mustard toxicity. A variety of HDAC inhibitors as well as other epigenetic modifiers could give valuable results in experimental studies and may open new avenues for treatment of SM-induced toxicity. 
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Experiences with the German-Dutch cooperation in preparation for and during the exercise volcanex 09


Already in the exercise VOLCANEX 08 a multinational crew concept was requested. Due to national requirements of certified training and lack of lead time a realisation was not feasible. Therefore in 2009 an academic curriculum was developed, which made the assignment of foreign soldiers in a German AirMedEvac C-160 possible.


From 3rd to 10th of November 2009 the NATO exercise VOLCANEX 09 took place in Villafranca/Italy. The German Air Force participated with a C-160 Transall in MedEvac configuration to display the StratAirMedEvac part. The medical crew, consisting of a flight surgeon and five flight nurses, was provided by the Royal Dutch Air Force. In preparation for the exercise the designated Dutch staff had been sent to the Air Transport Wing 61 in Penzing/Germany from 31.08. to 03.09.2009 for instruction in the German AirMedEvac system. The Dutch crew who went through this education were prepared for their job aboard the airplane and were certificated by GAF national directives as German crews are.


In preparation for and during the exercise synergies, differences and possibilities of improvement were successfully identified. For standardization of multinational operations it is necessary to develop international training requirements. These should include documented proficiency in handling of the medical equipment and instruction in the aircraft type (especially rescue and safety instruction). Therefore the medical equipment used in AirMedEvac, the educational guidelines and the provided aircraft of each nation have to be checked and listed. After a comparison of these lists, overlappings and divergencies between the national system and the multinational requirements could be identified and these gaps could be closed where applicaple. Last not least regular or periodic refresher practice for foreign crews in the different national systems will have to be provided.


With the training of the Dutch soldiers in the German AirMedEvac system and the successful realisation of the exercise VOLCANEX 09 the first step into the direction of a multi-national crew concept is done. This marks a milestone in the German and also European flight medicine. Particulary with regard to the increasing number of UN- and EU-missions this development should be sped up forcefully.


1
Introduction


Joint NATO-Missions demonstrate the requirement of a multinational AirMedEvac crew concept. Already in the exercise VOLCANEX 08 a multinational crew concept was requested. Due to German national requirements of certified training and a lack of lead time the realisation was not feasible, but the practical realisation was judged as sensible.


Therefore, it was planned for the exercise in 2009 to use a German Transall C-160 with medical staff of another nation. After preliminary talks and appointments a cooperation with the Dutch air force succeeded. The arrangement planned to train the Dutch soldiers in November in Germany for the exercise. Because the Dutchmen already disposed of a wide knowledge in flight medicine and flight physiology, the participants agreed to limit the education to the contents with which the Dutch soldiers were not familiar till that time. So the main focus was put on the instruction in the medical equipment, the instruction in the airplane C-160 Transall (in particular rescue and safety systems) and the instruction about the specific features and the regulations of the German AirMedEvac system. As time frame one week was attached.


As another practical aim the use of a standardised patient's transfer file should be tested. The form was made available by the Italian Army. The Italians were also to demonstrate their NBC-module (ProSer s.r.l Aircraft Transit Module) for contaminated patients. Here the ambition was to observe, if that module is capable for AirMedEvac and for the use in a German C-160 Transall.


2
Basic principles


Basis of all AirMedEvac missions within NATO is the STANAG 3204. It was already known to the Dutchmen as a NATO partner. In addition, the German armed forces have remitted Standing Operating Procedures (SOP). Therein the procedures and approaches with strategical air transport of wounded and sick persons are regulated. For better understanding the contents should be briefly shown at this point.
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Figure 1: Operation of a StratAirMedEvac mission.

The medical forces of the German armed forces run a Patient Evacuation Control Centre (PECC) which coordinates the missions and handles and prioritises incoming requests. The use of an airplane is arranged on request by the Air Transport Command (Air Force). Therefore the Air Force provides constantly an Airbus A-310, a Challenger CL-601 and a Transall C-160 in MedEvac configuration. Which airplane is used, the Command Surgeon of the Air Transport Command decides. He also defines restrictions in the flight profile if necessary (e.g., altitude limitation), the flight schedule and the crew concept. The regular crew concept of the different airplanes is shown in the following table.


Table 1: Regular crew concept in German MedEvac airplanes.


		Function / Qualification

		Responsible department

		Quantity in


A-310

		Quantity in


C-160

		Quantity in


CL-601



		Medical Director / Med. Doctor, Flight Surgeon, General Practitioner, Emergency Medicine

		Air Force

		1

		1

		1



		Medical Technician / Medic Sergeant, Aidman, Medic Matter

		Air Force

		1

		1

		1



		Anaesthesiologist / Med. Doctor

		Medical Forces

		2

		1

		1



		Emergency Medicine / Medical Doctor, General Practitioner

		Medical Forces

		1

		

		



		Emergency Med. / Medical Doctor

		Medical Forces

		1

		1

		



		Anaesthesiological Assistant / Medic Sergeant

		Medical Forces

		2

		1

		1



		Medical Crew Chief / Medic Sergeant, Flight Nurse, Paramedic

		Medical Forces

		1

		1

		



		Paramedic / Medic Sergeant


(thereof with experience in intensive care)

		Medical Forces

		6


(4)

		2

		



		Aidman / Medic Sergeant

		Medical Forces

		4

		4

		



		Nurse Assistant / Medic Corporal

		Medical Forces

		6

		

		



		Total

		

		25

		12

		4



		

		

		

		

		



		Maximum of intensive care pat.

		

		6

		3

		1



		Maximum of litter patients

		

		38

		8

		0





3
instruction


The instruction of one Dutch flight surgeon and five Dutch flight nurses took place from October 31st to November 3rd at the Air Transport Wing 61in Penzing/Germany. In preparation for the instruction a time schedule was worked out by the flight surgeon of the Air Transport Wing 61. This time table based on the schedules of the instruction courses “AirMedEvac officer” and “AirMedEvac sergeant” which are normally held at the Institute for Aviation Medicine of the Air Force in Fuerstenfeldbruck/Germany.


As already mentioned the lectures about flight medicine and flight physiology were canceled. We also concentrated on the lessons for the MedEvac airplane C-160 Transall and not for the Airbus A-310 or the Challenger CL-601. The contents of the instruction were mainly the medical equipment and the airplane rescue and safety equipment of a Transall C-160. The schedule that had been worked out is shown in the following table.


Table 2: Time schedule for instruction in Penzing.


		Subject

		Number of lessons



		German AirMedEvac system and organisation

		5



		Medical equipment and MedEvac airplanes

		3



		Use of the medical equipment

		11



		Rescue and safety equipment of a C-160

		3



		Training flight

		3



		Briefing / Debriefing / Documentation

		3





On Monday 31st of August the Dutch participants arrived in Penzing. We started with an introduction of the German AirMedEvac system which was lectured by Col Dr. Grell (MD), the Command Surgeon of the Air Transport Command.
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Figure 2: Sgt Den Dekker, Sgt van Wenzel, Sgt Arp, Sgt Smits, 1stLt Hannemann, 
Col Dr. Grell, LtCol Verhulst, Maj Dr. Strobl (from left to right).

In the next days the Dutch soldiers were intensively prepared for a AirMedEvac mission on a C-160 Transall as planned in the exercise VOLCANEX 09. For that they had to be instructed in all the medical equipment used on board. That contained the following devices:


· Respirator Oxylog 3000


· Respirator Oxylog 2000


· Respirator Lifebase III with Medumat Standard


· Patient monitor Propaq 106 EL


· Combimat 2000 CS03


· Infusiomat IP 2000-V


· Suction unit Accuvac


· ECG/Defibrillator Zoll M


· ECG Schiller AT-10


· Pulsoxymeter Nellcor


· Mobile Ultrasound unit Sono Site Plus


· Blood analysis unit I-Stat


· Patient warming system Barkey


The instruction included theoretical lectures and time to get familiar with the devices and work with them for practise.
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Figure 3: Instruction in using the mobile ultrasound unit.

The only medical device which the Dutchmen could not be instructed in, was the respirator Evita 4. That was because of the fact, that this respirator is a very complex intensive care ventilator and the instruction would take one day at minimum just for this device. Moreover the use of the Evita 4 requires special qualifications and knowledge in management of intensive care patients, normally only anaesthesiologists have.


After the instruction in the rescue and safety equipment of the airplane the Dutch soldiers had to learn how to fix the medical equipment into a Transall C-160, which is rather hard work and takes about two hours including the testing of the equipment. At this point the Dutchmen were instructed in the use and the technical features of the Patient Transport Unit (PTE). It is an intensive care unit for one patient with many medical devices and equipped with pressurised oxygen and air.


[image: image4.jpg]





Figure 4: Instruction in the Patient Transport Unit (PTE).

A practise flight on the 2nd of September 2009 with the fully equipped C-160 Transall formed the highlight of the instruction course. During the flight the patients´ care and the use of the medical devices was again practiced and deepened. Besides, some emergencies to which the course participants had to react adequately were played in.


When the Dutch soldiers were dismissed on the 3rd of September, they felt well prepared for the exercise and also in the situation to be able to complete real AirMedEvac missions successfully. So the course was evaluated by all partners as a big success.
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Figure 5: Patients’ care during the training flight.

4
exercise VOlcanex 09


The exercise VOLCANEX09 took place in Villafranca/Italy from 3rd till 10th of November 2009. Our part was the demonstration of the StratAirMedEvac part on two days of the exercise. This part was displayed with a C-160 Transall in MedEvac configuration. The distribution of the functions is shown in the following table.

Table 3: Functions on the C-160 in VOLCANEX09.

		Function

		Nation



		Flight Crew (pilot, co-pilot, technician, loadmaster)

		Germany



		Medical Director

		Germany



		Medical Technician

		Germany



		Anaesthesiologist

		not displayed



		Emergency Med. (MD)

		Netherlands



		Anaesthesiological Assistant

		not displayed



		Medical Crew Chief

		Germany



		Paramedic

		Netherlands



		Aidman

		Netherlands





On the first day the request was to provide the transport of nine patients (near maximum patient loading) with different injuries. The focus was laid on patient documentation. The mission on the second day was to take care of three patients during a AirMedEvac flight. During transportation some medical complications were played in to simulate a more stressful mission. The focus of that second day was laid on teamwork and cooperation.


The coordinated understanding between air force and medical force (i.e. flight crew and medical crew) and the crew management and teamwork between the German and Dutch crew members was excellent. For example the loading and unloading of the patients by the instructed medical crew was good, while the assistance of the not-instructed Italian personnel did not improve the output.


A deficiency was that the respirator Evita 4 could not be used because of the mentioned problems during instruction. That led to a small loss of quality but not to consequences in the patients’ outcome. It has to be mentioned that the coordination by the German medical technician has particularly contributed to the good results. The biggest problem was the documentation, which did not prove itself in the exercise. Therefore, the transfer of the patients between the different nations turned out extremely problematically.
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Figure 6: Patient transfer during the exercise.

In another part of the exercise the Italian NBC transport module was fixed into a Belgian C-130 and flew a highly contagious patient from Parma to Villafranca. The system is suitable for the air transport of highly contagious patients and has proved itself in the exercise. It has to be checked next, whether the system also can be fixed in other airplanes (e.g. the German C-160 Transall).


5
Conclusions


The German crew concept is multinational implementable without loss of quality under the following conditions:


· The flight crew, the medical director, the medical crew chief and the medical technician have to be German crew (i.e. host nation).


· The medical crew has to go through a dedicated instruction programme before set on the airplane of the host nation.


· The medical crew has to bring experience in emergency medicine and flight medicine with them. In that process synergies have to be utilised (e.g. the training of a Dutch flight nurse is to be rated higher than the training of a German paramedic).


· With seriously injured patients (e.g blast injuries) the application of an anesthesiologist is absolutely necessary.


Moreover, the following knowledge could be won:


· Documentation has to be standardised with a printed form in English language, e.g. the “ICU Transfer Medical Report” of the German company Dokuform (see Figures 8 and 9).


· The Italian NBC-module is good for air transport of highly contagious patients. The possibility of the use of the module in other aircraft types has to be checked.


[image: image7.jpg]





Figure 7: Italian NBC module.
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Figure 8: Page 1 of ICU Transfer Medical Report (© by Dokuform).

[image: image9.jpg]5. Trend 6. Procedures/Device:
Procedures
e Cadoason sepinin
- S mrn S v
L =g
5 & —— ers
5 (8IS =)
ot S
S wrm
S S
S S EE
S
N - R e [ o1
nepeze % BRBil oo
[ _
oo, | g Drses
sogoon, | EE S o
{ =R=g S S S
- SRS S S s
- O S e oo
] — S S @ S S v
- . S S N S N === S =
H ] 1 S5 S 5 o
e
L = = pc e—
| =R S o s
§ ume | i SRl ==
B [owne 5 O atelts D O St
] 5 S e 5 O T
@ Ef=groegi=R=Ruewy
S S et
5 S G
g S 8 G
£ s
2 sy s o
S5 o S D oo
5 S o S D e
P Nowroiogea Swee o | Respraton > Soreas Vomaton sotres
Sl 5 O Dy
v T | o Do " -
Sooas  Somuna| (SO0 S o
[ = perrir = = =1 e
S | | D80 O AP
o von ‘E
iz enno
Cimise cam G
o i &
" cana
o n
i, iy = cano
s e [T e
o e wa o [ ]
& Sy ok a3
Sy S PN n, 5o w [ 1]
Romarka T

o

Gal deseribtion
3 ety st

2 s anteg o o oter i

St

Pt

S Hotasons

Clagstes

S sttt

[ —







Figure 9: Page 2 of ICU Transfer Medical Report (© by Dokuform).

6
future prospects


The demonstrated professionalism in qualified AirMedEvac should be maintained and improved in other exercises. Therefore the integration of foreign medical crews in the German StratAirMedEvac system is recommended. The medical crew have to take part in AirMedEvac missions and refresher trainings periodically. With periodic refresher trainings it would be possible to additionally instruct the use of the more complex medical devices like the respirator Evita 4 or the bronchoscope.


The ambition in the long term has to be the application of multinational medical crews in AirMedEvac missions abroad, for which even more synergies have to be utilised. Therefore it is necessary to develop international training requirements. This should include documented proficiency in the handling of the medical equipment and instruction in the aircraft type (especially rescue and safety instruction). The medical equipment used in AirMedEvac, the education guidelines and the provided aircraft of each nation have to be compared, so that similarities and differences between the national system and the multinational requirements could be identified and gaps could be closed where applicable.
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ABSTRACT


The United States Joint Forces Command (USJFCOM) is conducting the Joint Medical Distance Support and Evacuation (JMDSE), Joint Capability Technology Demonstration (JCTD) to enable military precision logistical delivery of critical, mission specific combat casualty care support packages to include telemedicine, enhanced digital patient encounter documentation capture, and transmission capabilities for medical first responders.  Dubbed, the Joint Combat Casualty Care System (JCCCS), these enhanced capabilities will be air-dropped by a lightweight version of the Joint Precision Airdrop System (JPADS) from manned and/or Unmanned Aerial Systems (UAS) to augment and extend in-place combat casualty care within forward Army, Marine Corps and Special Operations ground forces, Air Force Para-rescue teams, and Navy ships that have limited organic medical support. Within these combatant organizations, medics or corpsmen will be provided an on-demand capability to capture and transmit digital physiological monitoring data (i.e. blood pressure, pulse, temperature, respirations, ECG, ECO2, SP02, ventilator treatment, intracranial bleeding data and other elements common to the Tactical Combat Casualty Care and Field Medical Cards)  and digital voice recordings of patient encounters to enable immediate telementoring and to facilitate incorporation of more accurate and more complete point-of-injury data within the patient’s permanent medical record.  A set of ruggedized combat casualty care equipment and a lightweight digitally enabled physiological monitoring system are being integrated with military radios and soldier headset voice data capture technologies, and will be packaged for just-in-time air delivery via JPADS.  The amount and type of support will vary by mission and unit needs.  A series of three 2010-11 Operational Demonstrations involving six operational scenarios involving land, air and maritime forces will be used to determine the utility of JMDSE capabilities.  We discuss the technologies employed, the operational scenarios and results of the first series of exercises.

1.0
INTRODUCTION


United States Joint Forces Command (USJFCOM) introduced the Joint Medical Distance Support and Evacuation (JMDSE), Joint Capability Technology Demonstration (JCTD) to address the military need for a combat casualty support capability to significantly enhance battlefield medicine, provide precision logistical delivery and be a force multiplier for casualty evacuation (CASEVAC) assets.  The Joint Combat Casualty Care System (JCCCS) portion of the JMDSE JCTD is to provide a more robust medical support capability that is required to support operations on non-contiguous and dispersed battlefields than is currently available at Role 1. JCCCS is in effect, a US Joint service implementation and a Role 1 extension of NATO STANAG 2517 MED – Development and Implementation of Teleconsultation Systems.

A more robust medical support capability is required to support operations on non-contiguous and dispersed battlefields then is currently available for the following reasons:  1) Casualty care/evacuation assets are low density high demand; 2) Non-contiguous battlefields with widely dispersed forces create more demand; 3) Severity of injuries critical care within the “golden hour”; 4) Dispersed forces operating far from the main body extend support requirements over distance and time, creating inordinate stress on the lines of communication; and 5) CASEVAC assets need greater protection in uncontrolled and denied areas.

Establishment of this high degree of casualty support requires a force multiplier effect through the use of advanced technology to integrate battlefield telemedicine, medical resupply and CASEVAC where needed:  1) Current communications and telemedicine technology may be adapted and integrated for battlefield tele-monitoring support to provide virtual reach-back, patient monitoring and provide directed critical care on the battlefield; 2) Current aerial precision delivery capability may be adapted to provide rapid precision delivery of small medical bundles and equipment to dispersed ground and maritime forces from variety of rotary and fixed wing aircraft platforms; and 3) Current unmanned aerial systems (UAS) may be adapted to provide rapid precision delivery of small medical bundles and equipment and proof-of-concept casualty extraction from “denied” or remote areas.

2.0
RATIONALE


In proposing this JCTD, the USJFCOM stated that the Joint Force Health Protection (JFHP) needs the capability to operate as a more fully integrated system with self-synchronization of medical care and rapid/precise delivery of medical supplies and equipment.  At the present time JFHP does not have the rapid, joint, self-managed and scalable response capabilities required to overcome these gaps (JROC, 14 August 2007).  While the main focus of the JMDSE JCTD is on just-in-time delivery of augmented medical combat care capabilities and supplies via the Joint Precision Airdrop System (JPADS), JCCCS will augment Role 1 with additional care, monitoring and telementoring support at the point of injury/illness (POI) and the amount and type of support will vary with by mission and unit needs.  The U.S. Department of Defense medical forces must transform into a more agile, capable, versatile, survivable, sustainable and rapidly deployable forces.  The medical community must develop new approaches to sustain forces in denied environments by exploring the delivery of enhanced medical equipment and supplies via light weight precision parachutes and the joint communities’ use of long-range unmanned systems for future medical decisions in combat casualty care.
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3.0
METHODS EMPLOYED AND RESULTS OBTAINED


A series of three (3) Operational Demonstrations in FY10 and FY11 are planned to coincide with Operational Exercises to specifically determine the utility of the JMDSE system's ability to support distant casualty monitoring, care and reach-back between Role 1 corpsmen/medics, CASEVAC elements, and Roles 2 and 3 support.  The JCCCS devices will be demonstrated in six scenarios to include a ground force maneuver event, maritime events, a SOF event, chemical and/or biological incident events, and a USAF para-rescue event.  JCCCS capability will be employed via Joint Precision Aerial Delivery System (JPADS-Med) and/or Unmanned Aerial Systems (UAS) when casualty extraction is not possible for 3 to 72 hours.  The first Operational Demonstration scheduled for April 2010 will be conducted within established parameters to provide initial feedback for the planning of the next two demonstrations.

The proposed JCCCS system architecture will utilize the Ultra Wide Band (UWB) wireless Electronic Information Carrier (EIC) which is intended to provide a fast convenient personal repository that will hold all pertinent medical data.  The Tempus IC will provide a single compact unit to quickly access and capture critical vital signs and other medical information.  This will replace several pieces of equipment currently being used and also serve as a hub for interoperability of the aforementioned technologies.  Tempus IC will store healthcare and patient medical condition information at the point of injury.  AHLTA-M is the current program of record and has been implemented on the MC-70 handheld computer at Level 1.  JCCCS will provide a system of technology that augments AHLTA-M and AHLTA-T processes but does not interfere with standard DHIMS, TMIP or service TMIP (e.g. MC4) operating procedures.  In addition to or in lieu of the AHLTA-M medical record, the JMDSE JCTD will demonstrate a digital Trauma Combat Casualty Care (TCCC) Card on the MC-70 handheld computer.  A voice recorder capability will be implemented on the MC-70 that includes voice recognition software that will enable the first responder medic to record patient encounters orally.  The voice recognition software will, at a minimum, provide start-stop functions for voice recording and enable key word input of voice data (e.g. blood pressure, temperature, SPO2, etc) whenever the medic responder chooses to include that type of data in the patient encounter voice recording.  Transcription of data recorded during patient first encounters can be completed via the MC-70 TCCC on the spot, at some later time, or at the next level of care by playing back the voice recording.  The first encounter voice recording will be captured and stored on the patient’s EIC via a UWB wireless interface to the MC-70 Computer.  Likewise physiological data captured on the Tempus IC device will be stored on the patient’s EIC as well as being transmitted from site of injury to Role 1 MTF via tactical radios (ANPRC 152 or 148)  using EPLRS or SDWF  or via cradle synchronization of the MC-70 at the Role 1 MTF.   Similarly the medical record stored on the EIC will be transmitted from Role 1 to Roles 2 or 3 MTFs via the NOMAD INMARSAT transmitter and or other military NIPRNET connectivity for eventual inclusion into the Theater Medical Data Store (not part of the JMDSE JCTD).
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4.0
ASSESSMENT

Current medical monitoring and support systems will be adapted and integrated to provide combat casualty care in operational environments.  Communications between First Responder and Forward Resuscitative Care will be enabled through data and still images.  Medical care and health monitoring stations will be integrated into a closed loop casualty care system to remotely monitor vital signs and medicine as directed by First Responders supported by higher HSSC medical units (FRC facility, Battalion Aide Station (BAS), etc.), when required. JCCCS will also enable medical reach-back, coupling medical experts with forward deployed personnel for effective, far forward consultation, diagnosis and treatment.  This will contribute to the efficient management of low density, high demand field medical personnel and tactical evacuation capabilities and provide real-time reach-back from the FR to FRC.  JCCCS will consider remote maintenance of medical equipment; apply medical care to most critical casualties while monitoring and caring for others; and facilitate critical medical care to forces in denied or remote areas unreachable by tactical evacuation capabilities in the short term. The capabilities to be assessed are:  1) Integrated medical support systems; 2) Data transmission between FR and higher HSSC and; 3) Quick reaction response to biological attack scenarios.


5.0
CONCLUSION


A successful demonstration using the JCCCS will prove that JMDSE can provide enhanced support and enable telementoring at the POI, as well as enhance the capability to support single and multiple trauma at Role 1 and further enable casualties to be sustained until extraction occurs.  JPADS-Med will support ground, maritime and air forces operating independently or dispersed from the main force structure in remote areas, with a precision delivery capability from a variety of fixed and rotary wing manned aircraft and UAS. JMDSE JCTD will determine through the series of Operational Demonstrations whether delivery of JCCCS can be accomplished within 3-72 hours and sustained for extended periods, if needed.
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ABSTRACT


Future NATO operations will continue to take place in remote and austere environments far from fixed medical facilities. Not only is access to advanced medical technology lacking in such operational environments, but the use of certain basic medical devices can also be severely inhibited. The common acoustic stethoscope is rendered useless when ambient noise levels exceed 80-85 dBA. Noise cancelling electronic stethoscopes with mechanical impedance-matched transducer designs can extend the useful range up to 90 dBA. Unfortunately many operational environments exceed this threshold. The noise level in an air ambulance can reach 120 dBA, rendering even advanced electronic stethoscopes unusable.


A need exists for a stethoscope that can detect heart and lung auscultation in the presence of fixed- and rotary-wing aircraft, as well as in ambulances and other operational environments where the ambient noise level precludes auscultation with a standard stethoscope. Possessing this capability can help prevent unnecessary loss of life by allowing combat medics to identify pneumothoraces and loss of intubation integrity – conditions that would otherwise go undetected. This is basic medical care available in medical fixed facilities everywhere, but currently not available to our deployed medical personnel operating in high noise environments.


The U.S. Army has partnered with Active Signal Technologies to develop a dual-mode noise-immune stethoscope (NIS) capable of operating in a standard electro-mechanical (acoustic) mode, or a unique Doppler mode. The Doppler mode allows auscultation in high-noise environments. Because even modern military vehicles do not produce acoustic energy at the ultrasound carrier frequencies of 2-3 MHz, the use of an ultrasound transmitter/receiver provides an essentially noise-free auscultation channel for the NIS. However, the physiological information and the manner in which it is acoustically conveyed, shows fundamental differences between conventional and ultrasound-based stethoscopes.


Multiple studies have been completed on the NIS. The U.S. Army Institute of Surgical Research (USAISR) evaluated the ability of the stethoscope to detect iatrogenically induced pneumo- and simulated (saline) hemothorax in swine. These were correctly identified with the acoustic mode, but proved difficult to interpret normal from abnormal returns using Doppler. In addition to evaluating the clinical effectiveness of the NIS, the U.S. Army Aeromedical Research Laboratory (USAARL) performed multiple tests to determine the stethoscope’s effectiveness in high-noise environments. Using a sound chamber to compare the NIS to other stethoscopes, it was found that while the signal-to-noise ratio of conventional stethoscopes declined with increasing noise levels; the NIS not only maintained a constant signal-to-noise ratio in Doppler mode, but was also superior to conventional modes at all levels from 70-120 dBA.


The NIS has demonstrated not only its utility for heart and lung auscultation in a quiet setting, but also its usefulness in high noise environments when used in the unique Doppler mode. However, because the sounds produced by the acoustic and ultrasound modes are fundamentally different, it is recommended that further studies be conducted to fully characterize the sounds produced by a Doppler stethoscope in more clinical scenarios.


1.0
Background and literature review


Auscultation of heart and lung sounds is a constant component of casualty triage and ongoing care. It is a tool used to identify pathophysiology and determine the appropriate course of treatment. Current triage algorithms utilize the patient’s physiologic status to give a medical care provider a “snapshot” of the patient’s stability [4,5,6,7,12,17,20]. The absence or inability to obtain physiological measurements, especially in a military environment, necessitates pre-hospital providers to make rapid decisions about priority of care, application of interventions and transport destinations based upon isolated physiological data points (i.e., arterial pressure, arterial oxygen saturation, heart rate, and respiratory rate) without the benefit of observing dynamic trends intrinsic to trauma physiology. As such, it is inherently important that military medical care providers have the tools available to identify physiological parameters that may be indicative of developing complications and potential cardiovascular collapse. 


Clinical examination by auscultation is fundamental to the assessment of patients; it is rapid, simple, portable, and can be readily repeated to continually assess patient physiologic status. However, meaningful auscultation is compromised in high ambient noise environments [3,8,9,10]. Aeromedical evacuation presents challenges for en-route patient care; the most notable is the inability for effective auscultation during helicopter flight. 


During aeromedical evacuation, a wounded soldier with an undiagnosed and untreated pneumothorax has an increased risk of respiratory and cardiovascular collapse due to the decreased atmospheric pressure experienced during flight which will lead to expansion of the trapped intra-thoracic air. The inability of medics or flight surgeons to hear heart and lung sounds or to detect the development or progression of either a pneumothorax or hemothorax greatly compromises their ability to manage airways and provide appropriate life saving interventions. 


The asymmetric battlefield of today requires immediate and definitive care of wounded Soldiers. This care can include rapid diagnosis, monitoring, and intervention for life-threatening injuries anywhere from the point of injury to evacuation and through multiple levels of care. For medical providers delivering this care, examination and clinical decision-making using auscultation is a vital tool. Yet, traditional bell and diaphragm stethoscopes prove inadequate for auscultation in high ambient noise environments such as a medical evacuation helicopter. Ambient noise levels can get as high as 120 dBA in a UH-60 Black Hawk [8].


Noise can contaminate the auscultation system of a traditional bell stethoscope through several routes: via transmitted surface waves across the patient’s skin; transmission through the housing of the head of the device or rubber tubing; or penetrating the interface of the earpiece and external ear canal. Recent solutions to improve clarity and subsequent diagnostic yield of stethoscopes in conditions of noise have included the electronic stethoscope, whereby a microphone in the headpiece converts sound waves into electrical energy negating the need for rubber tubing. These devices can also serve to amplify the signal and, in some cases, include digital signal processing. However, in many high-noise environments the desired signals – those corresponding to physiologic patient sounds - often lie within the spectrum of ambient noise [1].  


1.1
Introduction to the NIS


Because the frequency of ambient sound and the desired physiologic sounds overlap, filtering can interfere with obtaining the desired signal, while simple amplification will indiscriminately affect both signal and noise [1]. For that reason, electronic stethoscopes still do not allow for auscultation in environments where ambient noise exceeds 90 dBA. There exists a need for a device with an adequate signal-to-noise ratio capable of sound discrimination under austere noise conditions. To address this need, Active Signal Technologies, Inc. (AST) of Linthicum Heights, Maryland worked to develop their dual-mode noise-immune stethoscope in conjunction with the U.S. Army Aeromedical Research Laboratory under the provisions of a Small Business Innovate Research (SBIR) award [15].
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Figure 1: Photograph of the dual-mode, noise-immune stethoscope.

The NIS device is a unified hybrid dual-mode stethoscope that includes both an electromechanical acoustic (passive) mode and a 2-3 MHz Doppler (active) mode. The enhanced acoustic mode functions similarly to an electronic stethoscope, but contains a directly coupled piezoelectric ceramic stack instead of a simple microphone ensemble. A Doppler ultrasound transmitter together with a receiver-transducer integrated into the stethoscope’s head provides the active operation. The carrier wave generated by the ultrasound transmitter is reflected back off of patient tissue. When tissue such as the heart moves, the wave is modulated by the Doppler effect and the stethoscope decodes the information contained in the carrier wave to generate an audible signal to return to the clinician. The advantage of this technology is its near immunity to ambient noise invasion; environmental noise does not interfere with sound at such high frequency [11].


To make use of the unique Doppler mode requires the use of ultrasound contact gel between the stethoscope and the patient’s skin to minimize reflections at this boundary layer. It should be noted that the audible returns of the Doppler mode are distinctly different from that of a traditional stethoscope by which clinicians are trained to hear. For example, Doppler heartbeat sounds have been described as a “ta-dá-da” three-part rhythm pattern versus the “lub-dub” of a traditional stethoscope [8,11]. Yet, clinicians can be trained to recognize and interpret these sounds. The finalized NIS package will contain educational media to accompany the stethoscope when purchased. This media will include sound recordings and information that will serve to re-train health care providers’ ears to the unique auscultation sounds provided by the Doppler stethoscope.


This NIS device is designed for one-handed operation (including a gloved hand with aviation Nomex) with the operator controlling the head between the index and middle fingers. It is operated via a four-button thumb control: acoustic mode and Doppler mode “on” switches, as well as volume increase/decrease switches. There is an automatic timed shut-off. The NIS is powered by two 1.5 V AA-cell batteries located in the stethoscope’s headpiece. The coaxial cable output electrical output of the device can be configured for use with headset ear phones or to be compatible with the Army’s HGU-56/P Aircrew Integrated Helmet System with Communications Ear Plugs (CEPs) for both hearing protection and auscultation. 


1.2
Completed Studies


Preliminary and developmental testing of the advanced prototype NIS device in a reverberant sound chamber at USAARL demonstrated that the acoustic mode functioned (preserved a signal-to-noise ratio > 0) up to an ambient noise environment of approximately 90 dBA, whereas the Doppler mode maintained higher signal-to-noise ratios and could be function in environments with up to 110 dBA of ambient noise [9]. Subsequent tests in flight confirmed the ability to auscultate both heart and lung sounds in the Doppler mode in a UH-60 helicopter [10]. Further studies at USAARL showed the NIS could provide auscultation in high-noise environments up to 120 Dba [8,11]. The NIS has also been tested in swine models whereby iatrogenically induced pneumo- and simulated (saline) hemothorax were identified with the acoustic mode, but proved difficult to interpret normal from abnormal returns using Doppler [2]. Subsequent improvements in the device are thought to improve function [16].


The advanced prototypes used in the completed studies have since undergone several revisions and technical improvements [16]. Specific technical revisions to the advanced prototypes have included the following:


1) The diaphragm’s rubberized O-rings were replaced with the addition of a machined ridge.


2) The diaphragm surface was modified from a metal-plastic hybrid to an acrylonitrile butadiene styrene (ABS) plastic “across-the-face” plate.


3) The impedance-matching hardware was replaced with a directly coupled piezoelectric stack.


4) The syntactic foam was removed from the posterior side of the Doppler element.


5) The transmission power of the Doppler was increased.


6) A 500 Hz low-pass filter for the acoustic mode was added.


Clearly, the NIS has potential applications for clinical auscultation in moderate to severe noise conditions including such diverse applications as patient evacuation in a helicopter, a busy emergency department, or even at a sporting event with loud stadium noise. This advanced technology development can address the need for auscultation in such austere noise environments. Furthermore, the Doppler function may even provide novel acoustic information to clinicians as well.


Although the audible returns for the Doppler mode overcome high ambient noise, they are distinctly different from the sounds produced by a traditional bell and diaphragm stethoscope. While clinicians would require some retraining for interpretation of this signal, these new physiologic sounds may also represent a unique diagnostic opportunity. The Doppler signal carries ultrasound returns unobtainable by a traditional stethoscope and may contain novel clinical information [8,11]. If these unique returns are correlated to specific abnormal physiology, then Doppler acoustic images may be of use to internists, intensivists, or cardiologists even in quiet conditions provided.  This represents a separate important potential application for the NIS device.


2.0
suitability to combat environments


Many devices can be useful in a protected hospital setting, but prove to be ineffective in a combat environment. The noise-immune stethoscope was developed specifically to overcome the noise encountered on evacuation platforms such as the UH-60 Black Hawk helicopter. However, noise is only one factor differentiating a combat medicine from a hospital setting. To be useful to combat medics, the equipment brought to the battlefield must also be ruggedized to withstand rough handling and extreme environments.


The preliminary production model NIS was put through a series of tests as stipulated by MIL-STD-810G to help ensure its suitability for deployed use.  The following table summarizes all tests performed. 

Table 1: Environmental and Field Test Results of the NIS [13]. 


		Test

		Result



		1. High Temperature, Storage (unpackaged)


160°F (71°C) for 2 hours

		Successfully completed validation



		2. High Temperature, Operational (unpackaged)


120°F (49°C) for 2 hours

		Successfully completed validation



		3. Low Temperature, Storage (unpackaged)


0°F (-20°C) for 2 hours

		Successfully completed validation



		4. Low Temperature, Operational (unpackaged)


40°F (4°C) for 2 hours

		Successfully completed validation



		5. High Temperature/High Humidity, Storage (unpackaged)


160°F (71°C) and 95% RH for 2 hours

		Successfully completed validation



		6. High Temperature/High Humidity, Operational (unpackaged)


120°F (49°C) and 95% RH for 2 hours 

		Successfully completed validation



		7. Temperature Shock, Storage (unpackaged) 


32°F (0°C) for 1 hour, then 160°F (71°C) for 1 hour

		Successfully completed validation



		8. Vibration, Non-Operational (packaged)


(cumulative 3-hour test)


vertical axis – 1 hour at 2.2 GRMS 


transverse axis – 1 hour at 1.5 GRMS 


longitudinal axis 1 hour at 1.9 GRMS 

		Successfully completed validation



		9. Loose Cargo Transportation (packaged)


300 RPM and 1-inch amplitude for 1 hour

		Successfully completed validation



		10. Transit Drop (unpackaged) 


dropped three times from 4 feet onto dirt surface

		Failed validation. Damage prevented stethoscope from emitting sound.





The NIS successfully passed 9 of the 10 tests and Active Signal Technologies is currently working to better protect the stethoscope when it is dropped.


3.0
future studies


Testing and evaluation of the NIS prototype devices have verified the ability to function (preserve signal-to-noise ratio) in high ambient noise conditions, as well as in the austere conditions encountered during combat casualty care. However, clinical testing has only included small numbers of research clinicians and small numbers of human and swine test subjects. What remains unknown is the diagnostic potential of the NIS under conditions of human pathology. Future evaluation strategy and research must include a large-scale qualitative diagnostic assessment of effectiveness with a clinician cohort representative of future end-user clinicians (e.g., trauma physicians, physician assistants, nurses, medics, flight surgeons and flight medics, internists, etc.) under conditions of human pathophysiology, including pneumo- and hemothorax, thoracic trauma, pneumonia, arrhythmias, valvulopathy, heart failure, endotracheal tube misplacement, and more. 


3.1
USAISR Study


The U.S. Army Institute of Surgical Research has a study planned during 2010 to evaluate the NIS. The purpose of this study is to determine if a patient with a pneumothorax or hemothorax can be detected using either sound waves or radio waves. The study will evaluate the effectiveness the NIS as well as a separate device that uses radio waves to look into the chest in a manner similar to the way radar is used to look at clouds and weather formations. Both of these tools are small, lightweight, and battery powered making them ideal for use by combat medics. The ability to accurately diagnose a pneumothorax or hemothorax by combat medics under field conditions would lead to early lifesaving interventions and increased survival of combat casualties. The protocol objective is to develop a swine model with which to evaluate the NIS. This study will also look at an Ultra-wideband Medical Radar (UWBMR). 


The protocol will test the NIS in its ability to identify differences in heart and lung sounds in normal animals compared to those with either improper (i.e., defined as placement in the esophagus) endo-tracheal tube placement, hemothorax, pneumothorax, and tension pneumothorax. The UWBMR system will be evaluated simultaneously as a method to differentiate between normal thoracic anatomy, pneumothorax, hemothorax, and tension pneumothorax.


3.1.1
Methods


3.1.1.1
Model Development


Before the main study, normal swine will be used to develop the auscultation, recording and injury techniques in a reproducible model. This model development time will also facilitate team integration, NIS and UWBMR familiarization, and validation of reproducible NIS heart and lung sound data and UWBMR data recording with each injury perturbation.

3.1.1.2
Experimental Set


Using the smallest number of subjects possible [12,14], the animals (n=8) will be divided into two groups.  Group A (n=4), which will consist of animals undergoing control/ ET tube misplacement, progressive pneumothorax, followed by a subsequent simulated pneumothorax and hemothorax. The second group, group B (n=4), will consist of animals undergoing control/ ET tube misplacement, progressive pneumothorax and a tension pneumothorax. Animals will be anesthetized throughout the procedure. Animals in both group A and group B will then receive a decompressive needle thoracentesis to reduce the pneumothorax with a subsequent re-evaluation with the NIS and UWBMR.


Animals from both groups A and B will serve as the control for subsequent experiments. In the control setting, the ET tube will be placed properly in the trachea. Heart and lungs sounds will be recorded in the intact right and left chest. After the control heart and lung sounds recordings are made, the ET tube will then be placed improperly into the esophagus. The pig will be taken off of the ventilator to respire spontaneously and heart and lung sounds will be recorded. To attenuate the stomach from filling with air and potentially altering the effectiveness of auscultation, a stomach tube will be passed to attenuate the accumulation of stomach gases. The purpose is to determine if the NIS can detect the changes in lung sounds or other relevant sounds that would indicate improper ET placement.


After control recordings are made, animals in group A will receive a progressive pneumothorax. With the animals in the dorsal recumbent position, local anesthesia (Lidocaine 0.5 mg) will be injected subcutaneously in the subzyphoid region and a 5mm thorascope will be inserted from the subzyphoid region into the left hemithorax. This will allow access to create both a pneumothorax and a simulated hemothorax via the insufflation port on the thorascope trochar. Additionally, through the thorascope the left hemithorax can be directly visualized to quantify the size of both the pneumothorax, simulated hemothorax and to directly evaluate the efficacy of the decompressive needle thoracentesis. Compressed carbon dioxide gas (CO2) will be insufflated into the left hemithorax to create a pneumothorax. NIS auscultation and UWBMR evaluation with subsequent recording will be made through the left chest wall to evaluate the left hemithorax/left pneumothorax. Measurements will be made with an estimated pneumothorax of 10%, 25%, 50%, 75%, and 100%. At each percent change in the degree of the pneumothorax, evaluation of the right chest wall/right hemithorax will be conducted to act as a control.


Afterward, these animals will receive a simulated hemothorax by infusing saline through the insufflation port of the thorascope trochar into the left pleural cavity until approximately 50% of the left hemithorax volume is filled with saline. The left lung will remain collapsed from the previous pneumothorax. Again, NIS auscultation and UWBMR recordings will be made of the left chest hemithorax wall, as well as the intact right hemithorax. Next the animals will receive a decompressive needle thoracentesis to reduce the pneumothorax with a subsequent re-evaluation with the NIS and UWBMR.


After control recordings are made, animals in group B will receive a progressive pneumothorax ending with a tension pneumothorax. CO2 will be insufflated into the left hemithorax to create a pneumothorax. NIS auscultation and UWBMR evaluation with subsequent recording will be made through the left chest wall to evaluate the left hemithorax/left pneumothorax. Measurements will be made with an estimated pneumothorax of 10%, 25%, 50%, 75%, and 100%. At each percent change in the degree of the pneumothorax, evaluation of the right chest wall/right hemithorax will be conducted to act as a control. To create a tension pneumothorax, the pressure in the left hemithorax will be slowly increased to ensure complete lung collapse on the left. Maximum left hemithorax pressure will be determined during model development by monitoring for a significant decrease in cardiac output. NIS auscultation and UWBMR recordings will be made of the injured left chest wall, as well as the intact right chest wall. The animals will then receive a decompressive needle thoracentesis to reduce the pneumothorax with a subsequent re-evaluation with the NIS and UWBMR. 


3.1.2
Data Analysis


Heart and lungs sounds measured with the noise immune stethoscope will be collected by recording the auscultation signals coming from the electrical output of the stethoscope. These electrical signals are transmitted via simple coax cable system to the microphone input of a Dell Latitude-300X laptop computer and captured in a digital format using Microsoft WAV software. The data analysis will consist of a determination of signal to noise (S/N) ratios between the various conditions (normal heart/lung sounds, properly/improperly placed endotracheal tube, pneumo-/hemo-thorax, and normal/ tension pneumothorax) and the background noise associated with auscultation at the same stethoscope volume at an acoustically non-productive tissue, for example a large muscle mass (6).  This S/N ratio will be processed through proprietary software producing a numeric value as the ratio plus an absolute value in dBA.  The minimum absolute difference in signal to noise to provide for intelligibility has been shown to be 3 dBA, and this will be the first benchmark for the device.  The S/N ratios will then be analyzed by repeated measures ANOVA to assess the overall performance of the device. Similarly the reflections collected from the control run and each of the defect runs using the UWBMR will be processed and evaluated to determine the feasibility of detecting pleural defects caused by either the induced pneumothorax or simulated hemothorax. 

3.2
USAARL Study


In addition to the study conducted by USAISR, the U.S. Army has a single center, prospective, non-randomized survey assessment proposed by the U.S. Army Aeromedical Research Laboratory to evaluate the qualitative diagnostic performance potential of the NIS in human patients with normal versus pathologic cardiopulmonary physiology. This study has three primary objectives:


1) Assess the ability of the NIS to detect clinically relevant hemothorax and/or pneumothorax.


2) Assess the ability of the NIS to verify or refute correct ET tube placement.


3) Assess the ability to clinically map novel audible Doppler returns of the NIS to known cardiopulmonary pathology (valvulopathy, arrhythmia, pneumonia, heart failure, reactive airways, or other adventitious clinical sounds).


3.2.1
Methods


Data collection will be conducted at a large tertiary military medical center (MEDCEN) with large trauma and inpatient patient volume. Objectives 1 and 2 will be accomplished in the emergency department (ED) and among emergency medical services (EMS), while objective 3 will be accomplished with the inpatient population on the general medical ward and medical or surgical intensive care units (ICU). As this device is still considered investigational, the NIS will not be used to diagnose or direct medical intervention on any patient. Patient diagnosis and medical treatment will not be delayed or otherwise compromised in anyway by data collection. Data collection for objectives 1 and 2 will be timed for peak trauma presentation rates based on historical MEDCEN census data. Data collection will be in the form of clinician survey following patient auscultation with the NIS.

3.2.2
Training


Twenty-five clinicians (15 from the ED and EMS services and 10 from the inpatient medical services including wards and/or ICU) will receive training on the NIS by an experienced USAARL researcher and an AST engineer familiar with the NIS. Clinicians will be a representative cohort of clinical end-users (physicians, physician assistants, nurses, medics, etc.). Training will consist of study overview, data collection procedures, and familiarization with the NIS device.

3.2.3
Study Population


Study population will consist of nonrandomized, non-sequential, consenting adults presenting to the MEDCEN hospital for care. Minimum number of subjects will include 10 per specific pathologic condition under consideration with no upper limit of enrollment. There will be no active recruitment of subjects outside the MEDCEN. The two study subsets will consist of:


· Patients presenting to the ED or through EMS services with suspected or known hemothorax or pneumothorax and/or patients requiring endotracheal intubation. The focus of this subset will be to evaluate the performance characteristics of the NIS for application in the austere military operational setting.


· Patients admitted to the inpatient service (general ward or ICU) with existing cardiopulmonary pathology established by cardiac echocardiogram, cardiac catheterization, computerized tomography (CT) scan, x-ray radiograph, or other radiologic study. The focus of this subset will be to map novel audible Doppler returns with known cardiopulmonary abnormalities.


3.2.4
Inclusion/Exclusion Criteria


3.2.4.1
Inclusion Criteria


· Consenting adult male and female patients presenting to the MEDCEN ED or EMS services with known or suspected hemothorax, pneumothorax, or requiring endotracheal airway


· Consenting adult male and female MEDCEN in-patients with known diagnosed cardiopulmonary pathology


3.2.4.2
Exclusion Criteria


· Minors


3.2.5
Screening


There are no screening evaluations prior to enrollment other than reasonable clinical suspicion that patient meets the subject inclusion criteria. 


3.2.6
Data Management


Nonparametric data will be obtained in the form of clinician survey response following intervention (auscultation) with the NIS. Survey information will be completed by the participating clinicians regarding the ability to distinguish normal and abnormal pathology by auscultation (equivalence parameters compared to traditional stethoscope) in both acoustic (passive) and Doppler (active) modes and/or mapping novel audible Doppler returns to known cardiopulmonary pathophysiology. The comprehensive questionnaire will also address relevant questions, including: sound clarity, quality, familiarity, diagnostic value, ease-of-use, and field utility.


4.0
Transition plan


These studies will provide important information regarding the qualitative diagnostic potential of the NIS along with valuable clinician assessment and feedback. Such knowledge, coupled with the known quantitative acoustical characteristics of the NIS in extreme ambient noise, is necessary to support large scale fielding efforts for the designed military end-user clinician.


The Ancillary Care Division of the Program Management Office, Medical Devices (PMO MD) of the U.S. Army Medical Materiel Agency (USAMMA) is currently developing an Acquisition Support Strategy for the NIS in conjunction with the NIS Integrated Product Team (IPT). The NIS will be a non-stocked, centrally procured durable item projected for the Air Ambulance Medical Equipment Set (MES) (444 total), Ground Ambulance MES (2,582 total), and Trauma Field MES (724 total) [18,19].


The NIS has a life expectancy of 7 years and the cost of an individual package containing the NIS and all required consumables and supplies is $1,700 [18,19]. Intended end-users will include the Health Care Specialist (MOS 68W), Flight Surgeon (MOS 61N), Emergency Medicine Physician (MOS 62A), Field Surgeon (MOS 62D), Physician Assistant (MOS 65D), and Medical Surgical Nurse (MOS 66H). The NIS will also be placed on the Common Table of Allowance 8-100 Army Medical Department Durable and Expendable Items for availability to other end user clinicians or departments choosing to procure and use [18,19].


5.0
Conclusion


Examination, clinical decision making, and patient management using auscultation is a vital tool for clinicians. It has numerous advantages—quick, simple, portable, and repeatable. However, the military environment is often noisy and traditional clinical auscultation devices are not appropriate or sufficient for casualty care in such austere operational settings. A need exists for a capability to surmount the extreme noise encountered throughout combat casualty care and preserve this vital clinical tool.


The NIS, developed by a partnership between the U.S. Army and Active Signal Technologies, is a device with both electromechanical acoustic (passive) and ultrasound Doppler (active) modes. It is designed specifically to overcome ambient noise while preserving signal-to-noise ratios. This design permits clinical auscultation in moderate to severe noise environments, resulting in improved ability to diagnose and subsequently provide medical intervention across the spectrum of care from point of injury through evacuation and levels of care. Preliminary testing has validated the preservation of adequate signal-to-noise ratios in Doppler mode in austere noise conditions up to 110 dB and in flight on a UH-60 Black Hawk helicopter. Future studies are planned to better characterize the unique physiologic sounds produced by the NIS. This device represents a viable answer to the need for clinical auscultation in high noise combat environments.  


Additionally, the novel integrated Doppler carrier wave design may present unique diagnostic information to clinicians not readily available through a traditional stethoscope.  This may prove to be of value augmenting military clinicians in austere military conditions where traditional ultrasound devices are unavailable or impracticable.


The ability to clearly and definitively auscultate and differentiate physiologic parameters in high noise environments represents a significant step forward for military medicine. This would impact many phases of patient care including clinical diagnosis, physiologic detection, and monitoring, and treatment intervention. Improving the military caregiver’s ability for clinical auscultation in any environment enhances ability to diagnose, monitor patient physiologic parameters, and provide rapid medical treatment for lifesaving interventions across the continuum of battlefield care. The tenets and tools of combat casualty care are continuously evolving, and the NIS represents a viable solution to overcome ambient noise to allow and enhance clinical auscultation, thereby yielding better diagnostic capability and improved casualty care. 


6.0
Acronyms, Abbreviations, and Symbol Definitions

ABS 

Acrylonitrile Butadiene Styrene


AST 

Active Signals Technologies, Inc., Linthicum Heights, MD


CEP 

Communications Ear Plug


dB 

Decibel


dBA 

Decibel, A-Weighted


CT 

Computerized Tomography


ED 

Emergency Department


EMS 

Emergency Medical Services


ET 

Endotracheal


Hz 

Hertz 


ICU 

Intensive Care Unit


IPT 

Integrated Product Team


MEDCEN 
Medical Center


MES 

Medical Equipment Set


MOS 

Military Occupational Specialty


NIS 

Noise Immune Stethoscope


PMO MD
Program Management Office, Medical Devices


SBIR

Small Business Innovate Research


S/N

Signal to Noise


USAARL 
U.S. Army Aeromedical Research Laboratory


USAISR
U.S. Army Institute of Surgical Research


USAMMA 
U.S. Army Medical Materiel Agency

UWBMR
Ultra-wideband Medical Radar

V 

Volts
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Abstract 


An issue raised repeatedly with regards to teleconsultation, especially in disaster settings, is the effectiveness of such consultations across national boundaries. It has been postulated that technical, cultural, and training issues will be the major problems which can impede the successful use of multinational teleconsultation, in addition to language problems.  The United States Army and NATO have established an agreement which allows deployed NATO forces in Afghanistan to make use of an already-deployed U.S. Army system for this purpose, and have clearly shown the successful utilization of such a system in a multinational setting. In this multinational setting, the system has thus been in use for over a year, and metrics on its success and acceptability have been collected, involving both patients and providers from multiple nations. The system involves U.S. consultants providing teleconsultation on individual patients to NATO practitioners in Afghanistan, and has been most successful in avoiding unnecessary evacuations, facilitation of needed evacuations, and return to duty of many patients. This article will discuss consult types, physician acceptance of the system, and some inherent problems in using such a system in a cross-cultural setting. Critical issues appear to be those of training of users, and ensuring that the training transfers to new practitioners upon personnel rotations. Quality of consultations and their acceptance have not been a problem. Drop-offs in usage noted in conjunction with routine personnel changes will be discussed, along with mechanisms implemented by NATO to ensure that this does not happen in the future. The acceptability and usability of the system have been such that one nation has requested the ability to use it in support of all its deployed forces, not only those in Afghanistan, thus clearly demonstrating the acceptance and desirability of the capability, in spite of the current lack of use. This effort clearly demonstrates that teleconsultation can be effectively provided on a multinational basis, not only within one nation's forces, and this demonstration may provide a basis for extension of such a concept to other military or to disaster response situations.

1.0
INTRODUCTION


Teleconsultation has become well-developed over the past 10-15 years, and has clearly proven its value in multiple settings, ranging from civilian-oriented peace-time health care, through disaster relief, and in combat zone use by various military forces (1-5). One of the issues recurrently raised is whether it can in fact be used effectively across national boundaries, with clinicians from one nation being provided advice and guidance by consultants from other nations. Most reported international utilization has involved personnel from associated organizations or the same organization, rather than providers from one nation and consultants from another. Others have reported on providers and consultants who may be from different nations, but who have had the opportunity to work together previously.   In this paper, we report on a multinational experiment which has had two goals: 1) demonstrating that teleconsultation can successfully be used across multinational lines without previous relationships between those clinicians and consultants involved, and; 2) provision of actual clinical consultation in a combat environment. We also report on the problems which have arisen in this use of the technology, and some of the approaches currently being used to resolve them.


2.0
U.S. ARMY THEATER TELE-CONSULT PROGRAM


In April 2004, the U. S. Army Medical Department approved the use of the U. S. Army electronic mail 
(e-mail) system known as Army Knowledge On-line (AKO) for tele-dermatology consultations from deployed providers in Iraq, Kuwait and Afghanistan (6).  Through e-mail, this tele-consultation service provides a centralized business practice to manage consultation requests in a timely and consistent manner between deployed medical providers and rear-based consultants.  It is a world-wide teleconsultation system which is fully functional and meets operational requirements. This system utilizes theater providers’ personal digital cameras (which are common in the theater) and routine Internet email access, which is provided at nearly all deployed locations.  To obtain a consult, the deployed health care provider initiates an email and enters an adequate description of the patient’s condition and attaches digital images necessary to illustrate the patient’s condition.  Upon transmission, the email is sent to an on-duty clinical specialist (i.e. dermatologist) who will respond to the deployed provider within 6 hours for urgent requests and 24 hours for routine requests. 


The AKO tele-consultation is not encrypted, therefore to remain within compliance with U. S. Public Law 104-191, Health Insurance Portability and Accountability Act (HIPAA), consultation requests must not include Protected Health Information (PHI).  Digital imagery must obscure the face or identifiable markings unless required for a diagnosis. This consultation service is designed for use by all DOD healthcare providers, with special concentration on deployed or otherwise isolated healthcare providers serving at any U.S. Army, Air Force, Navy, or Marine Corps facility. 


The theater provider is responsible for following local policies on the electronic transfer of patient information and imagery, as well as requirements to document the consult in the patient record.  Network connectivity issues are addressed through appropriate theater channels.


Quality Management - Informed consent is not required for a tele-consult or to use digital imagery within the tele-consultation. Tele-consultation is considered part of the routine course of medical care and thereby covered under the blanket HIPAA consent in the form of the Notice of Privacy  Practices (NOPP) required under AF 4-66, 2-2. An informed consent is required to use the imagery for any other purpose such as case presentation or publication.  The request for tele-consultation, the number and nature of the imagery, the informed consent, if required, the consultant recommendations and subsequent treatment plan should be documented in the patient field treatment record.  


Consultant Responsibility - The consultant who first responds to the consult is the primary responder. He/she will assume responsibility for the initial response and any follow-on recommendations until completion of the case.  Other members of the clinical specialty team will correspond separately with the primary responder if additional advice is warranted, allowing the primary responder to direct communications with consulting providers.  


To date, the system has expanded beyond teledermatology and includes 19 medical and 7 dental specialty services available. Currently-available specialties include:

Burns-Trauma


Cardiology 


Dermatology 

    
Infectious Diseases


Internal Medicine 


Nephrology


Neurology 

       
Occupational Medicine


Ophthalmology


Pediatrics 


Preventive Medicine

Rheumatology


Toxicology


Urology


Orthopedics


Traumatic Brain Injury (TBI)


Laboratory Medicine


+


Infection Control
          

7 Dental Specialties




Sleep Medicine



From April 2004 to 1 February 2010, over 6642 tele-consults have been completed: top 3 clinical specialties include dermatology – 47%, infectious disease – 8%, and neurology – 6% (See Figure 1). The average response time for stateside medical consultants to answer the tele-consult over the last 5 year period (across all specialties) was approximately 5 hours.  Tele-consultation referrals resulted in more than 85 avoided aero medical evacuations (potential cost savings of $2.0M), and 265 cases where evacuation was facilitated by tele-consultation.  Over 1710 deployed providers have used the US Army Tele-consultation system with approximately 26% of the consults coming from US Air Force and US Navy/Marine deployed providers (see Figure 2).  Deployment problems included frequent interruption of electrical power, initial bandwidth constraints, and frequent marketing campaigns to inform newly arrived deployed personnel in theater of the AKO tele-consultation capability. Over 63% of all tele-consults from deployed providers came from Iraq, 15% from Afghanistan, and 5% from the US Navy afloat.
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Figure 1: Program Summary by Clinical Specialty.
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Figure 2: Program Summary by Patient Branch of Service.

Lessons Learned - From the initial 69 months of teleconsultation capability in Iraq and Afghanistan, the email with digital image attachments system works well, is easy to use and is well received by deployed providers.  Telemedicine has become an important part of health care delivery for the U.S. Army.  Nearly all deployed providers own their own digital camera which negates the need for training and centrally providing cameras in theater.  Providers on both end of the teleconsult have ready access to email which facilitates the ease in consulting and the quick turnaround time in answering the consult, respectively.  Capturing solid outcome based data and metrics on teleconsultation requires dedicated personnel and is best analyzed at home station.  The need to identify and train replacement units before they deploy on the teleconsult capability is desirable.  Bandwidth availability is the rate-limiting resource in theater for teleconsultation, especially during the early stages of the military conflict.  

Establishing official policy on use of teleconsultation facilitates user acceptance and informs ground commanders of the capability. Two policies approved by the US Army Surgeon General’s office on use of AKO for Teledermatology (May 2004; revised June 2009) as well as a general overarching policy for establishment of other specialties (March 2005; revised December 2008) have greatly facilitated acceptance of the tele-consultation by providers and field commanders. 


Clinical use of the AKO teleconsultation system has been adopted by deployed medical providers for the medical response in September 2005 to Hurricane Katrina and the January 2010 Haiti earthquake relief.  The service was available to all DOD, Public Health Service and FEMA healthcare professionals that supported relief operations.  Dermatology and Infectious Disease were the leading specialty services used in the system.  


Whereas other similar systems have been used on an ad hoc basis, primarily to exploit personal relationships with personally known consultants, the U.S. Army system is organized as a coherent program.  Consultant responses are assured through the establishment of an organized tele-consultant pool, in many specialties, with a group of consultants in each medical specialty taking the on-call responsibility in rotation. Medical specialists, who may be located either in the United States or at US Army overseas hospitals, answer tele-consults 24x7.  


3.0
NATO PROGRAM EXPANSION


In June 2007 the NATO Telemedicine Expert Team, which had become aware of the benefits of the U.S. Army system, requested NATO concurrence/approval of a U.S. Army teleconsultation offer for NATO use in Afghanistan, and subsequently began developing and staffing a NATO/United States Memorandum of Agreement (MOA), which would authorize the use of the U.S. system by deployed NATO health care providers. As is well-known, international staffing of such documents may be slow, and it was not until November 2008 that the MOA was approved by NATO & the U.S. Army.  Implementing instructions and operating directives were developed, and in February 2009, U.S. Army personnel deployed to Afghanistan to make the system known to NATO medical forces, and to give instruction in using the system. 


The basic provisions of the agreement are:

· NATO participation is voluntary


· The U.S. will not charge for this support


· U.S. Army offer is for an interim basis (6-12 months) and will assist NATO in establishing a NATO tele-consultation system, if desired


· NATO nations must provide computer/Internet access and digital cameras (which are commonly already in theater)


The Agreement considers:


· Legal Issues (e.g. Liability/NATO SOFA/PFP SOFA)


· Patient Privacy/Security


· Finances


· Technical Arrangements


· Metrics for Demonstrating Effectiveness 


· Clinical Supervision in Theatre


· Quality Assurance


The United States Army has agreed to: 


· Permit access to the Teleconsultation System by NATO and Partnership for Peace (PFP) medical personnel deployed in Afghanistan 


· Maintain an adequate number of specialty consultants to provide teleconsultation on a timely basis (< 8 hours) 


· Maintain a consultation management system which ensures that all teleconsultations are routed to an appropriate consultant, that a response is given in a timely manner, and maintain appropriate metrics to document usage, successes, and problems 


· Provide system description, instructions, and guidance on use of the system to NATO Allied Command Operations (ACO) Medical Advisor, suitable for distribution to deployed NATO and PFP medical personnel 

Additionally, the U.S. maintains metrics on the NATO use of the system, which will allow regular reports to NATO/ACO on such items as:


· Data usage on a monthly basis 



· Number & type of medical specialties consulted


· Response time for each consult


· Audit reports


· Individual case use analysis


Currently, there are 26 Tele-Consultation Clinical Specialties to which consults may be directed.  Each of these specialties has a consultant on-call at all times, with monitoring to ensure that consults are answered in a timely manner and that the requesting physician is satisfied with the answer.  This monitoring is provided by a full-time consult manager who ensures that consults are routed to the correct consult group (often, they may go to several groups), that the response is given in a timely manner, and that the requestor is satisfied with the response.  If a consult request is received for a specialty for which we have no standing consultant group, the manager can access other U.S. Army specialists on an ad-hoc basis.  

Requirements on the part of NATO include that the ACO Medical Advisor will:


· Insure use of this system is incorporated into Operational  Orders

· Publish and distribute the instructions and guidance provided by the U.S. Army to all deployed clinical providers in Afghanistan


· Insure that providers are trained in the use of the system


4.0
EXPERIENCE WITH NATO USE OF THE SYSTEM


Following the initial fielding of the system to NATO forces in Afghanistan, the NATO initial use of this system for tele-consultation was encouraging with a slow but steady usage.  Each consulting physician was personally contacted after the consult was completed to see if they were satisfied with the results, and if they felt that the system was beneficial to them in their practice.  The results were 100% positive, and in fact the users were so happy that one of the nations has formally asked for permission to use the system in all of their international deployments, not only in Afghanistan (The response to this request is still pending.). No technical problems in using the system were reported, and all clinicians felt their use of the system had been beneficial to their patients. As shown in figure 3, consults were addressed to many of the consultant groups, with most (52%) being Dermatology.  Usage was spread across several NATO nations, and patients treated came from NATO and Afghan forces, with about ½ the use being generated by Canadian medical personnel. 
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Figure 3: Consults Received February to August 2009.

Unfortunately, as is noted in Figure 4 below, the initial usage stopped in only 5 months, and as of February 2010, no usage has been seen since July 2009.
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Figure 4: NATO/PFP use of the Teleconsultation System.

To investigate the causes for the sudden drop-off in consults, it was requested that the Medical Advisor for NATO’s ACO, which is the operational command for operations in Afghanistan, undertake an investigation as to why there had been such a sudden drop-off.  An officer from ACO was sent to theatre to investigate in December 2009, and found that the major problem occurred as a result of personnel changes—those personnel who had been using the system had rotated home after their normal tour, and information about the availability of the system and its capabilities had not been included in routine turn-over briefings.  Thus, there was found to be nearly a total lack of knowledge among recently-arrived NATO medical personnel of the availability of the teleconsult system.  These personnel were reminded by the visiting officer of the availability of the system.  


Accordingly, following this visit, several actions have been implemented to spread the word about the system. Notes concerning its utility have been inserted each month into the ACO Medical Advisor’s Monthly Report, which is sent to all senior medical leaders in theatre.  


In the two months since that visit, we have seen no use of the system, so apparently our efforts have failed to spread the word adequately. 


Another U.S. Army medical officer will visit the theatre in March 2010, and will personally discuss this with the remaining multinational medical personnel.


ACO has decided that the most effective solution will be to influence the pre-deployment training for medical personnel going to be deployed to Afghanistan so that instruction on the use of the teleconsultation system is included in this training for all deploying medical personnel.  A secondary effort will be to discuss (and push) this issue during fact finding visits from ACO and JTF Brunssum to Afghanistan.


Further, it has been requested that the operational lead headquarters for the theatre (JFC Brunssum) should undertake an educational/fact-finding study to see if there are previously undiscovered problems which are impeding continued usage.


5.0
RESULTS


This effort has not been as successful as hoped, though it has clearly demonstrated the viability of the concept.  After an initial surge of utilization with excellent user satisfaction, we have seen a rapid drop-off in usage.  Early investigations have demonstrated that there were no reasons which could be identified as a cause for this drop-off, other than the originally trained personnel were replaced, and inadequate information was passed to the new personnel on their arrival.  We have clearly shown that within NATO the technology works, and is well-accepted when utilized.  The lack of any technological impediments to multinational teleconsultation within the NATO environment has clearly been demonstrated.  Since the common languages of all NATO operations are English and French, and nearly all medical personnel deployed are conversant in English, we have not had a problem with languages used in the consultations—if other languages were to be involved, as in a disaster relief operation in which the services were being provided to physicians who do not speak English, this might pose a larger problem than it has been for us.  

6.0
LESSONS LEARNED / SUMMARY


· Teleconsultation in the multinational environment works—there is no technological or clinical impediment.



· E-mail with JPEG image attachments works well, and allows an acceptable level of clinical consultation support.


· Digital cameras are common in theater.


· This type of system requires minimal bandwidth, and thus is suitable for use in isolated, military, or disaster situations. 


· No training requirements beyond familiarization with the procedures and knowledge of the referring email address are needed to implement such a program.


· Erosion in use of telemedicine equipment occurs as new units rotate into theater, if they are not familiar with the use of such a system before deployment.


· There is a distinct need to identify & train replacement units before they deploy.


· Frequent communication with deployed units concerning their clinical tele-consultation needs is essential.

The views and opinions expressed in this manuscript are those of the author(s) and do not reflect official policy or position of the U.S. Government.


References

(1) Calcagni DE, Clyburn CA, Tomkins G, et al., Operation Joint Endeavor in Bosnia: telemedicine systems and case reports. Telemed J 1996; 2, 3:211-21.


(2) Crowther, JB, Poropatich RK.  Telemedicine in the U.S. Army. Case Reports from Somalia and Croatia, Telemed J  1995; 1, 1:73-80.


(3) Gomez E, Poropatich RK, Karinch MA, Zajtchuk J.  Tertiary telemedicine support during global military humanitarian missions.  Telemed J  1996; 2, (3):201-210.


(4) Navein J, Hagmann J, Ellis J. Telemedicine in support of peacekeeping operations overseas: an audit. Telemed J 1997; 3:207-214.


(5) Walters TJ. Deployment telemedicine: the Walter Reed Army Medical Center experience. Mil Med 1996;161:531-536.


(6) Poropatich RK, DeTreville R, Lappan C, Kohuth C. The United States Army Telemedicine Program – General Overview and Current Status in Southwest Asia. Telemed J and e-Health. 2006; 12(4): 396-408.

[image: image5.emf] 












































RTO-MP-HFM-182
36 - 1

36 - 2
RTO-MP-HFM-182

RTO-MP-HFM-182
36 - 3




[image: image1.jpg]



[image: image8.wmf]

 TITLE   \* MERGEFORMAT 
Integrated Diagnostic and Treatment Devices

for Enroute Critical Care of Patients within Theater

 TITLE   \* MERGEFORMAT 
Integrated Diagnostic and Treatment Devices

for Enroute Critical Care of Patients within Theater



Integrated Diagnostic and Treatment Devices for 
Enroute Critical Care of Patients within Theater


Ronald W. Palmer

Combat Casualty Care Research Program

U.S. Army Medical Research and Materiel Command

Fort Detrick, Maryland


USA

ronald.palmer2@us.army.mil

ABSTRACT

The combination of far-forward surgical hospitals, which vastly shorten time between injury and life-saving surgery, and employment of damage control surgery/resuscitation practices have been significant factors in the much improved survival rates observed during Operations Enduring and Iraqi Freedom as evidenced by the roughly 40% reduction in case fatality rate observed for OEF and OIF over the 2001-2005 period compared to that of the Viet Nam conflict.  Post-operative patients coming out of these forward surgical hospitals are often moved within just a few hours following surgery and require high acuity care during transport.  These patients are stabilized, but not necessarily stable, and are particularly vulnerable during Interfacility transport between theater hospitals, i.e., between Role 2 and Role 3 facilities or between Role 3 facilities.  Interfacility transport of critical patients in theater normally takes place on US Army rotary-wing aircraft, but ground ambulances or even watercraft may be used if necessary.   To help ensure positive patient outcomes during these transport missions the originating theater hospital provides an appropriately skilled critical care provider and medical equipment to support the patient during transport.  The medical devices provided are the same portable patient monitor and therapeutic devices used in the originating hospital.

Use of multiple portable medical devices during Interfacility transport of critical patients  is problematic, especially in the rotary-wing environment, which is characterized by high noise levels, extreme vibration, confined space, and low-to-no-light conditions all of which impede patient assessment and prompt intervention.  This is troublesome as several adverse events can occur during transport including exsanguination, hypotension, hypoxemia, accidental extubation or loss of intravenous access, inadequate sedation / analgesia, hypothermia, and ventilator malfunction.  Furthermore, portable medical devices must be attached to the litter or airframe prior to flight.  The practice of distributing medical devices on and around the patient creates a considerable burden for both patient and providers.  Use of multiple medical devices also poses significant logistical burdens due to the need to satisfy the various power and maintenance requirements of the individual pieces of equipment, including the need for multiple types of batteries.  Therefore, use of an integrated critical care device providing both patient monitoring and therapeutic interventions would aid in overcoming these shortcomings.

For several years, the US Army, in collaboration with industry partners and the other services, has been involved in the development of integrated critical care devices that are small, rugged, lightweight, and able to attach to the litter without obstructing patient access.  At present the United States Army Medical Materiel Agency is evaluating three such devices - the LS-1 developed by Integrated Medical Systems, Inc., the Lightweight Trauma Module developed by Impact Instrumentation, Inc., and the MOVES developed by Thornhill Research, Inc.  These devices provide advanced critical care monitoring and ventilator capabilities.  Each possesses the ability to accept, control and/or power other devices such as infusion pumps.  The MOVES also includes an integrated 3 liter/minute oxygen concentrator.   These devices possess central processing units that integrate medical functions and record patient physiological data and provider interventions.  It is anticipated that future versions of these devices will be able to provide closed-loop control of oxygenation, ventilation, fluid resuscitation, sedation and analgesia; compute derived physiological parameters such as heart rate complexity; and provide telemedicine capability.

1.0
INTRODUCTION

For several years, the U.S. Army, in collaboration with industry partners and the other services, has been involved in the development of integrated critical care devices -- small, rugged, lightweight devices to facilitate provision of high acuity care and improve patient safety during medical evacuation on air and ground ambulances.  Miniaturization of medical device components has now made it possible to replace the several portable medical devices currently used to provide critical enroute care with a single integrated base device that provides patient monitoring and ventilation. This device also serves as an interface with accessory devices such as infusion pumps. At present, the United States Army Medical Materiel Agency, Fort Detrick, MD, is evaluating three such devices -- the LS-1 (formerly called the MEDEX 1000) developed by Integrated Medical Systems, Inc.; the Lightweight Trauma Module (LTM) developed by Impact Instrumentation, Inc.; and the MOVES, developed by Thornhill Research, Inc. These devices, which may be secured to the standard North Atlantic Treaty Organization (NATO) litter, provide advanced critical care monitoring and ventilator capabilities. Each possesses the ability to interface with and control and/or power accessory devices. The MOVES also features an integrated three liter/minute oxygen concentrator.  These devices possess central processing units that integrate medical functions and automatically record patient physiological data and provider interventions. It is anticipated that future versions of these devices will be able to provide closed-loop control of oxygenation; ventilation; fluid resuscitation; sedation and analgesia; computer-derived physiological parameters, such as heart rate complexity; and telemedicine capability. The purpose of this article is to explain why the Army seeks to field integrated diagnostic and treatment device for enroute critical care, provide historical background on the Army’s development efforts in this area, describe the Army’s requirement for an integrated enroute critical care device, provide non-proprietary descriptions of three systems presently under consideration, describe the test program these candidate systems will be subjected to as part of the selection process, and discuss future applications of these technologies.

2.0
the problem of interfacility transport between theater hospitals

Multiple factors, including the use of body armor, improved first responder care. Use of forward surgical hospitals and employment of damage control surgery/resuscitation practices have been instrumental in producing the much improved survival rates observed during Operations Enduring (OEF) and Iraqi Freedom (OIF). This was evidenced by the roughly 40% reduction in case fatality rate during 2001-2005, compared to that observed in previous major U.S. armed conflicts [6 ]. The relative contribution made by each of these factors to the improved survival rate has been difficult to determine; however, it is known that the use of forward surgical hospitals (e.g., Army Forward Surgical Teams and Combat Support Hospitals) reduces the time between wounding and life-saving surgery. 

Trauma patients admitted to these forward surgical hospitals are subjected to damage control surgery followed by a period of intensive care then transported to either another theater hospital for definitive surgical care 
(i.e., interfacility transport), or to a Mobile Aeromedical Staging Facility for transport out of theater via U.S. Air Force fixed-wing aircraft [2,3,4 ]. Post-operative patients evacuated from these forward surgical hospitals are often moved within just a few hours following surgery and require high acuity care (e.g., mechanical ventilation, multiple organ support) during transport. These patients are stabilized, but are not necessarily stable as they often experience hemodynamic and/or respiratory fluctuations during transport [3,7 ]. 


The majority of interfacility critical patient transports are via rotary-wing aircraft, which are utilized for their speed, although ground ambulances or watercraft may also be used if needed [ 3,4,9]. Lifts of opportunity are often used for these medical transport missions [3,4 ]. 

Post-operative patients are exposed to significant risk during aeromedical evacuation on rotary-wing aircraft. This is due to the harsh physical environment within the aircraft during flight and the limitations it places on medical attendants. The rotary-wing environment is characterized by extreme vibration, low-to-no-light conditions, confined space, and high noise levels. All of these hamper patient assessment and prompt intervention [3,4 ].   Lehmann, et al., 2009, observed clinical deterioration (hypotension, hypoxemia, and arrhythmias) in 30% of patients transported by helicopter between theater hospitals [9]. They also observed medical equipment failure in 17% of flights [9]. Several other adverse events can occur during rotary-wing transport including exsanguination, accidental extubation, loss of intravenous access, inadequate sedation / analgesia, and hypothermia [3,4 ]. 

To help ensure positive patient outcomes during medical evacuation missions, the originating theater hospital provides an appropriately skilled medical attendant, ideally a critical care nurse, physician assistant, or physician [2 ] to attend the patient during transport; although in many instances the medical attendant may in fact be a medic [4 ]. The originating theater hospital also provides medical equipment required to support the patient during transport [2,3]. The medical devices provided are the same portable patient monitor, ventilator, and other therapeutic devices used in the originating hospital [2 ]. The devices are known collectively as Patient Movement Items (PMI). The current Army PMI medical devices are the Protocol 206EL vital signs monitor (Welch Allyn Protocol, Inc., Beaverton, OR), the Impact Instrumentation 326 suction apparatus (Impact Instrumentation, Inc., West Caldwell, NJ), the Alaris MS III infusion pump (CareFusion, San Diego, CA), and the Impact Instrumentation 754 transport ventilator (Impact Instrumentation, Inc., West Caldwell, NJ). 


Use of multiple PMI medical devices during interfacility transport of critical patients aboard rotary-wing aircraft poses challenges that can tax the ability of the medical attendant to effectively monitor and document the patient’s condition and care, or to promptly intervene when needed. The limited cabin space greatly limits device placement options and it interferes with the attendant’s ability to move about, which hampers the attendant’s ability to see the various device displays and visual alarms.  High noise levels make device audible alarms ineffective without the use of headphones. The high levels of vibration experienced during flight and the possibility of hard landings or crashes make it necessary to securely attach the PMI medical devices to either the litter or airframe in order to ensure crew safety. In some cases, when the number of clinically required medical devices exceeds the mounting capacity of the litter or airframe, some devices may have to be secured over the patient’s body. The practice of distributing medical devices on and around the patient creates a considerable burden for both patient and medical attendant. It reduces device visibility and limits access to the patient and the devices. The weight of the medical devices is significant and can cause harm to the patient if placed on the patient’s body.

When preparing for the patient transport mission, the medical attendant must also be cognizant of the differing electrical power requirements of the individual PMI devices and ensure that there is an adequate supply of the required batteries available for the duration of the flight. If use of vehicle power is permitted, the medical attendant must ensure that the necessary voltage converters are available.  Also, the individual PMI devices have differing maintenance requirements (e.g., calibration cycles, test equipment, software maintenance, battery chargers, etc.) that can impact device availability.

The U.S. Army has sought to overcome these device-related challenges in enroute critical care by replacing the currently fielded PMI devices with an advanced, integrated critical care and treatment device that is smaller, lighter, and easier to use and maintain in austere environments.  Selection and fielding of an integrated critical care and treatment device will make the medical attendant’s work easier, facilitating provision of high acuity care and improving the patient’s safety and probability for a positive outcome. 

3.0
previous army attempts to improve enroute care devices 


Early enroute care technology development efforts focused on consolidation of the PMI devices within a single platform.  An early example of this was the development of the Life Support for Trauma and Transport (LSTAT), which began during the mid 1990s [8]. The LSTAT (Fig. 1 and 2) was developed by Integrated Medical Systems, Inc., Signal Hill, CA, under the technical direction of the Walter Reed Army Institute of Research, Silver Spring, MD, and the guidance of the Army Medical Materiel Development Activity, Fort Detrick, MD. The LSTAT was a self-contained critical care platform upon which the standard NATO litter was mounted. The PMI devices were integrated within the LSTAT’s rugged shell; positioned under the litter so as not to limit access to the patient’s body. Although the U.S. Food and Drug Administration would not at the time allow use of a single user interface, the device displays/user interfaces for the patient monitor, ventilator, infusion pump, and suction apparatus were all co-located within the LSTAT’s head fairing assembly. The head fairing assembly also contained the patient breathing circuit and patient lead connectors. In addition to the standard PMI devices, the LSTAT also featured an integrated semi-automatic external defibrillator and blood chemistry analysis system.  
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Figure 1: Patient Being Transported with the Life Support for Trauma and Transport (LSTAT).

The LSTAT possessed advanced capabilities including a central processing unit that captured and stored up to 72 hours of patient, intervention, and system data for later download, and an electrical power system capable of providing power to all of the LSTAT’s medical subsystems. The LSTAT accepted a variety of external alternating and direct current power sources.  It also possessed an integral, rechargeable battery capable of providing 30 minutes of autonomous power. The LSTAT possessed an on-board, non-standard oxygen cylinder that minimized space requirements, but proved to be difficult to replace or refill. The LSTAT was also designed to accept external oxygen sources.  
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Figure 2: View of LSTAT Headfairing Assembly.

The LSTAT was ruggedized to withstand the rigors of transport. It was heavily shielded to meet electromagnetic interference test requirements.  The high degree of ruggedization and electromagnetic shielding along with the on-board battery made the LSTAT quite heavy, which adversely impacted its suitability for enroute care use. Its development did, however, prove the concept of an integrated critical care device. 


During the early part of this decade, medical personnel at the U.S. Army Institute of Surgical Research, Fort Sam Houston, TX, developed a simple but effective means to attach PMI devices to the NATO litter allowing safe, standardized device positioning. This device was the Special Medical Emergency Evacuation Device (SMEED). The U.S. Army Institute of Research subsequently licensed the SMEED technology to Impact Instrumentation, Inc, West Caldwell, NJ, who commercialized it [12]. The SMEED (Fig. 2) is a 20 pound stretcher bridge designed to secure the PMI devices to the standard NATO litter. It was developed to eliminate the need to stow PMI devices on the bodies of burn patients during transport. The PMI devices may be placed in a variety of positions on the SMEED, attaching with standard clips. The SMEED with attached PMI devices is normally affixed to the lower end of the litter where it spans over the patient’s lower legs.  
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Figure 3: Special Medical Emergency Evacuation Device (SMEED) Attached to Litter and 
Outfitted with Patient Monitor, Ventilator, Suction Apparatus, and Oxygen Cylinder.

The SMEED has been extensively used by U.S. Air Force Critical Care Aeromedical Transport Teams [7](Fig. 3 and 4), U.S. Army Burn Flight Teams [ 11 ], and U.S. Marine Corps medical evacuation teams; however, U.S. Army deployed medical units have largely refrained from using the SMEED during interfacility transport of critical patients due to the SMEED’s incompatibility with the external fixation devices used to stabilize extremity bone fractures during medical evacuation. The SMEED must be positioned over the patient’s upper body whenever external fixation devices are used on the patient’s legs. This, of course, limits accessibility to the patient’s upper body impeding patient assessment and intervention (e.g., chest compressions). While the SMEED has proven to be an effective means to standardize placement of PMI devices on the litter and eliminate the need to stow them on the patient’s body, there is no integration of device function nor is there improvement in logistic supportability; so issues pertaining to multiple displays/user interfaces, need for multiple types of batteries, etc., remain.


[image: image4.jpg]





Figure 4: Patient Being Transported with SMEED and Attached Medical Devices. 

4.0
Army requirement


The Army Medical Department Center and School, Directorate for Combat and Doctrine Development, Fort Sam Houston, TX, prepared a capability development document describing its requirement for a lightweight integrated critical care monitoring and treatment device [1]. This requirement is summarized below.

The device will be a portable, single patient, critical care, and evacuation support device combining advanced physiological monitoring, pulmonary ventilation, oxygenation, and data storage capabilities. Its data storage capability will allow it to capture clinical parameters and waveforms. It is an objective requirement that this device will integrate with a self-contained continuous oxygen generating system to reduce the logistical footprint and operational risk of transporting oxygen cylinders. 

This device will be employed at medical treatment facilities (MTFs) for patients who have been stabilized but remain hemodynamically unstable and require close, continued life support to survive the evacuation distance to the next higher level of care. The device will secure to the NATO litter or to a portable attaching device which then secures to the NATO litter.

The device will serve as a critical care support platform for those patients being transported from Role 2 (e.g., Forward Surgical Team) or 3 (i.e., Combat Support Hospital) MTFs supporting a brigade or other organization. Patients requiring immediate surgical intervention and/or other stabilization prior to evacuation may be transferred to the supporting forward surgical team or combat support hospital where life-saving procedures will be performed. Once the patient is stabilized for transport from the Forward Surgical Team, the patient will be placed on the device for evacuation to the Combat Support Hospital, or other higher-level MTF. Transport may be accomplished by ground vehicle or by aeromedical evacuation aircraft, both rotary and fixed wing. Throughout the evacuation process, the device will continue advanced critical care monitoring and medical life-support essential for post-stabilized patients who remain at risk of sudden life-threatening changes to their clinical status. Patients arriving at the Combat Support Hospital can either be removed from the device for additional care, or continue to be supported by the device while awaiting further evacuation. 


The device must be cleared by the U.S. Food and Drug Administration. This is an absolute requirement as the U.S. Army will not field any medical devices that have not been first approved for marketing by the U.S. Food and Drug Administration.

The device must be suitable for providing critical care in austere environments. Ideally, the system will weigh 15 to 30 pounds. It must meet current U.S. military test requirements for use on rotary- and fixed-wing aircraft. It must be able to securely attach to the NATO litter either directly or via a detachable mounting device. It must also be able to endure storage and use under extreme temperatures, and be able to be transported and used in ground vehicles without damage.

The device will capture, store, and display both patient and system information for a minimum of 12 hours. The device will have an open architecture permitting export of patient clinical parameters and waveforms.


The device must accept and operate from 110/220 volts alternating current, 50/60 Hz, or 8-30 volts direct current. The device will have a rechargeable battery capable of operating for 4 hours if external power is lost. The integral battery shall recharge when external power is applied. The battery shall be “hot-swappable,” i.e., capable of being exchanged during operation of the device without interruption of power.


The device will accept oxygen United States Pharmacopeia (USP), high and low pressure from external sources. Ideally, the device will generate oxygen USP at the rate of 3-5 liters per minute to support mechanical ventilation.  The device will provide oxygen therapy through invasive and non-invasive delivery modes for patients. The device will possess a filtration system to protect ventilated patients from aerosol chemical, biological, radiological, and nuclear contaminants.

A detachable, or hand held monitor display that can display data for multiple patients is required. The device will electronically capture, measure, and display patient physiological parameters. The device will have three separate channels for invasive pressure catheters. The device will have clinical parameters and waveforms that are easily seen during movement of the evacuation platform. The device will have audible and visual alarms that are effective and accurate while operating in the evacuation platform. The device will capture, store, and display both patient and system information from attached clinical components (e.g., infusion pumps, oxygen concentrator, suction apparatus).  


5.0
description of candidate systems


Market investigation conducted by the U.S. Army Medical Materiel Agency as well as by the U.S. Air Force identified three new systems that may satisfy the Army’s requirement. They are the LS-1 (formerly called the MEDEX 1000) developed by Integrated Medical Systems, Inc., Signal Hill, CA (Fig. 5), the Lightweight Trauma Module (LTM) developed by Impact Instrumentation, Inc., West Caldwell, NJ (Fig. 6), and the MOVES developed by Thornhill Research, Inc., Toronto, Ontario (Fig. 7). These are all military-unique devices that were developed with significant U.S. military financial support.  
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Figure 5: The LS-1 Manufactured by Integrated Medical Systems, Inc., Signal Hill, CA. 


These devices, which are all indicated for both adult and pediatric patients, are lightweight systems designed to attach either directly to a NATO litter or attach to a SMEED. They are capable of providing advanced critical care monitoring including electrocardiogram, invasive and non-invasive pressures, body temperature, pulse oximetry, end tidal carbon dioxide, and respiratory mechanics. These devices utilize single graphical user interfaces (GUI) from which all device functions may be controlled and upon which all patient numerical and waveform physiological data are displayed. These devices are also designed so that the GUI may be easily seen from multiple positions. All three alternatives possess central processing units that integrate medical functions and record patient physiological data, clinical interventions, and system data for later down load. Furthermore, all three candidates possess electrical power systems capable of accepting a variety of external alternating and direct current power sources. Each also includes rechargeable, replaceable batteries to provide power for autonomous operation.
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Figure 6: The Lightweight Trauma Module (LTM) Manufactured 
by Impact Instrumentation, Inc., West Caldwell, NJ.

Each of the three candidate devices possesses integrated mechanical ventilators capable of multiple modes of operation and able to accept low and high pressure oxygen sources. The MOVES also possesses an integrated oxygen concentrator that produces three liters of oxygen per minute. 
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Figure 7: The MOVES Manufactured by Thornhill Research, Inc., Toronto, Ontario.

All three devices possess the ability to accept, control and/or power other accessory devices such as infusion pumps, suction apparatuses, and oxygen concentrators.  

6.0
testing of candidate systems


The United States Army Medical Materiel Agency, Fort Detrick, MD, is evaluating the LS-1, the LTM, and MOVES as part of its acquisition process to select and procure the best value system for fielding in 2011. This evaluation will include technical and operational testing, portions of which will be conducted in coordination with the U.S. Air Force. The test program will begin in February 2010 and is scheduled to conclude in August 2010. The testing will be conducted in segments beginning with an initial clinical user assessment, which will be followed by airworthiness certification evaluation and transportation and storage environmental testing. The test program will conclude with operational and Reliability, Availability, and Maintainability (RAM) testing.

An initial clinical user assessment will be conducted at the U.S. Air Force Center for the Sustainment of Trauma & Readiness Skills located at the University of Cincinnati. During this assessment, Army and Air Force clinicians will use the three alternative systems to treat simulated critical care patients in a fixed-facility setting. The purpose of this assessment is to ensure the devices are suitable for use by military clinicians in the treatment of trauma casualties.

Airworthiness Certification Evaluation of the three candidate systems will be carried out at the U.S. Army Aeromedical Research Laboratory (USAARL), Fort Rucker, AL, in accordance with joint airworthiness requirements. This testing is required to ensure that operation of the devices will not adversely impact the aircraft or welfare of the aircrew and it ensures that the devices operate as intended in the aviation environment. This testing will encompass human factors testing; electromagnetic interference emission and susceptibility testing; electrical safety; vibration testing (rotary-wing, fixed-wing, and ground vehicle); device operation under hot, cold, and humid conditions; testing for intrusion by sand, dust, and rain; altitude and rapid decompression testing; and explosive atmosphere testing.

USAARL will also conduct transportation and storage testing of the three devices under consideration.  This testing will focus on transportation and storage of the device when it is contained in its protective shipping container. This testing will ensure that the candidate devices are able to withstand transport in the back of trucks, etc., and that they will not be adversely affected by long-term storage in extreme environments. 


Operational testing of the three candidate devices will be conducted by the Army Medical Department Test Board using Army medical personnel. This testing will be conducted to evaluate the operational effectiveness and suitability of the candidate devices with respect to the deployed health care mission.

The U.S. Air Force Medical Evaluation Support Activity located at Fort Detrick, MD will subject the three candidate devices to RAM testing. This purpose of this testing will be to assess system readiness, system quality, operational costs, and logistic supportability.


7.0
future development objectives


The three integrated critical care devices currently under consideration all possess central processing units that provide integrated control and display of all clinical functions as well as record patient physiological data and provider interventions. These capabilities alone will offer significant improvement over currently fielded critical care monitoring and treatment devices.  They will enhance the ability of a skilled critical care practitioner to provide high acuity care in the austere transport environment, but what about the medical attendants who are not so well trained, skilled, or experienced in critical care?  Further enhancements are expected to come to the fore as technology continues to improve and the U.S. Food and Drug Administration becomes more familiar with these new technologies. 

Clinical decision support algorithms that alert the medical attendant to changes in the patient’s condition and provide instructions to guide the medical attendant’s clinical interventions will likely be the first of these advanced capabilities to come to fruition as they offer the least regulatory risk. Clinical decision support algorithms will allow medical personnel with varied skills, training, and experience to provide uniformly high quality care to critical patients during interfacility transport.  With improved computing capability also comes the potential for improved medical communications, telemedicine capability, and remote operation -- features that could provide useful links between Role 3 critical care experts and medical attendants caring for patients in air or ground ambulances. Embedded tools to provide sustainment training to users will also be of benefit.   

The increasing computing capability provided by integrated critical care devices is expected to eventually lead to adoption of entirely closed-loop, autonomous patient care systems.  These systems are designed to continuously and automatically monitor the patient’s physiological status.  Changes in the patient’s condition prompt an immediate and appropriate therapeutic response without human intervention.  Closed-loop controller algorithms are being developed to manage administration of oxygen, resuscitative fluids, sedatives, and analgesics [10]. Closed-loop critical care systems will be especially advantageous in the dark, noisy environments common to medical evacuation [7,10]. Use of fully autonomous, closed-loop critical care devices for enroute care offers several potential benefits, including faster intervention; consistent, physiology-based treatment; appropriate ventilator operation and management independent of the medical attendant’s skill level; and conservation of limited consumable resources such as resuscitative fluids, oxygen, and electrical power [10 ]. 


The Army Institute of Surgical Research, Fort Sam Houston, TX is currently working to develop algorithms that rapidly recognize the series of events leading to physiological decompensation and alert the medical attendant, so that life saving interventions can be made before decompensation occurs [5 ]. Future integrated critical care devices will be logical hosts for these algorithms, which require high fidelity physiological sensors and substantial computing power.  These predictive algorithms will also make closed-loop life support systems more robust [5].

The computing capability offered by this new family of medical devices is expected to provide supportability benefits as well. Medical device calibration and software maintenance is costly, time consuming, and can adversely affect device availability. Remote calibration and installation of scheduled software upgrades via the internet will reduce the logistic footprint of fielded medical devices, increase device availability, and reduce maintenance costs. Embedded maintenance diagnostics and maintenance training will benefit maintainers in theater, and will also reduce maintenance costs.  Advanced integrated critical care devices such as the LTM, LS-1, and MOVES are expected to be among the first to implement these capabilities.  
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Abstract


Introduction/Relevance to Symposium

This work addresses the need for advanced medical technologies with a high fielding potential, specifically, development of vital sign monitoring technology.


Rationale

The US Army Combat Critical Care Engineering Task Area aims to improve care in the Battlefield Critical Care Environment (BCCE) by developing new decision support systems that take better advantage of the large data stream available from casualties. In this short review we present new descriptors of physiologic status suitable for decision support in the BCCE. These variables can be extracted from biosignals such as the electrocardiogram (EKG) (featured in this manuscript).  They can also be extracted from other waveforms, processed using similar analysis tools. This manuscript reviews our work to date on the development of such decision support systems. We focus on the use of new vital signs derived from heart rate complexity (HRC) and traditional heart rate variability (HRV) analysis in machine learning technology such as artificial neural networks (ANN). We present data from 262 prehospital and emergency department trauma patients, in whom noninvasive vital signs derived from EKG analysis were fed to a commercially available feed-forward back-propagation ANN (NeuralWare, Carnegie, PA). The endpoint was prediction of the performance of life-saving interventions (LSIs) such as intubation, cardiopulmonary resuscitation (CPR), chest-tube placement, needle pneumothorax decompression and blood transfusion. Sensitivity and specificity were explored via construction of receiver operating characteristic (ROC) curves.  


Methods

800-beat sections of EKG from 262 patients were analyzed.  Sixty-five patients received 88 LSIs (LSI group), which included intubation (n=61), cardiopulmonary resuscitation (n=5), cricothyroidotomy (n=2), pneumothorax decompression (n=16) and blood transfusions (4); 197 did not (NonLSI group).  HRC was calculated by several groups of methods to include those which measure (1) the irregularity or randomness of the R-to-R interval (RRI) time series of the EKG; (2) fractal-like correlations within the RRI; (3) symbolic dynamics; (4) signal stationarity. In addition, time- and frequency-domain measures of heart-rate variability were also calculated. The ANN was trained on 70% of the data available for analysis. 


Results

Out of 24 available variables calculated from the EKG the ANN chose 14 as independent predictors of LSIs; area under the ROC = 0.86.  


Conclusions

Based on EKG-derived noninvasive vital signs alone, it is possible to identify trauma patients who undergo LSIs using ANN with a high level of accuracy. Some HRC methods such as point correlation dimension can be applied to real-life, noisy EKG and provide important information about the injury severity of casualties. Validation of these new descriptors of physiologic status and development of real-time monitoring platforms is under way in our laboratory in multiple research settings. 


1.0
introduction

Implementation of new decision support systems on the Battlefield Critical Care Environment (BCCE) could significantly enhance medical decision making leading to improvements in outcome. These new tools could be developed by taking advantage of the vast information stream from casualties in the BCCE. At present, decision making at any echelon of care is based on old practices including visual inspection of the patient and intermittent assessment of time-averaged vital signs. Whereas these tools are easy to use when direct contact with the patient is possible their utility in timely and sensitive assessment of injury severity is limited and frequently leads to errors in diagnosis 
 ADDIN EN.CITE 

(1)
. For example in one recent study 23% of trauma patients with normal vital signs required a life saving interventions 
 ADDIN EN.CITE 

(2)
. Furthermore, the intermittent discrete nature of traditional vital sign acquisition and frequent changes in providers along the echelons jeopardizes the continuum of care leading to loss of information about the casualty. By contrast, decision support via continuous assessment and documentation of the patients’ status from point of injury to the last echelon of care with comprehensive assessment of status, storage of history and trends, if achieved, would significantly enhance the diagnostic capabilities of providers at BCCE. One element of such decision support system involves retrieval and processing of information from available sensors. In this short review we present new descriptors of physiologic status suitable for decision support in the BCCE. These variables can be extracted from biosignals such as the electrocardiogram (EKG) (featured in this manuscript) or other waveforms, processed using similar analysis tools as presented here. The resulting panel of descriptors could be processed in association with other information available to or generated by providers and analyzed in real time via machine learning algorithms, such as artificial neural networks. The ultimate goal of this effort is to develop information-driven decision support systems that will equip providers with actionable information not more data to be interpreted.


2.0
NEW DESCRIPTORS OF PHYSIOLOGIC STATUS FOR DECISION SUPPORT 

2.1
Heart Rate Variability

The need for new descriptors of physiologic status as candidate variables for decision support systems has motivated a search for non-invasive correlates of injury severity extracted from available signals, such as the electrocardiogram (EKG), blood pressure, oxygen saturation, respiratory rate, or other sensor-derived waveforms. One common approach to signal analysis commonly applied to the EKG, called frequency-domain analysis, uses fast Fourier transform (FFT) or similar methods applied to the R-to-R interval (RRI) time series to quantify the strength of the regular oscillations present in it. Two of the key metrics derived from FFT are the high-frequency power (HFP) and low-frequency power (LFP) of the periodic oscillations in the EKG. Respiratory sinus arrhythmia (RSA)—an oscillation that occurs at the same frequency as the respiratory rate--has been shown to be a major component of HFP and is attributed to actions of the parasympathetic (vagal) nervous system 
 ADDIN EN.CITE 

(3,4)
. The LFP metric is less specific and has been related to both sympathetic and parasympathetic autonomic activity 
 ADDIN EN.CITE 

(3,4)
. Accordingly, an EKG which features a pronounced RSA measured as slowing of the heart rate after exhalation relative to the heart rate during inspiration is a sign of normal vagal activity and results in an elevated HFP, compared to an EKG which varies little. HFP and LFP, along with time-domain measures (simple statistics such as mean RRI, standard deviation RRI, etc.) are the main tools in the panel of methods collectively called heart rate variability (HRV) analysis. To summarize, HRV refers to a collection of methods describing regular periodic oscillations in the heart rate, attributed to the vagal and/or sympathetic branches of the autonomic nervous system. 


It is important to specify the particular metric by which HRV is investigated in any given case rather than mention that HRV “increased” or “decreased”. These semantics are necessary to avoid confusion between changes in HRV findings and changes, e.g., in mean heart rate. This is a misconception because the mean heart rate may stay high during vagal withdrawal, or low during vagal oversaturation, yet the HRV metrics reflecting vagal modulation to the heart may be nearly zero (5). Furthermore, HRV may “increase” as measured by one metric and decrease or not change by another. In general all HRV metrics are characterized by high inter-individual variability, as the autonomic nervous system is very responsive to sensory stimuli. Thus, more precisely, HRV metrics should be viewed as a collective panel of metrics linked back to branch-specific autonomic input. As with any analysis method careful consideration of methodological limitations of HRV must be in place before application to human monitoring 
 ADDIN EN.CITE 

(4,6,7)
.


Capitalizing on the potential of HRV to provide non-invasive insight into the autonomic nervous system actions during various conditions, Winchell and Hoyt showed that low HRV—specifically, sympathetic input to the heart (measured by LFP)—is associated with mortality in critically injured intensive care unit patients (8). This finding reiterates the long-standing clinical suspicion that during shock, humans compensate by increasing their heart rate, which is primarily modulated by sympathetic input to the heart. Patients in whom such compensation is inadequate or exhausted show low sympathetic activity and may die. Similarly, Cooke et al. showed that low sympathetic input to the heart is associated with mortality in prehospital trauma patients 
 ADDIN EN.CITE 

(9)
 and that this analysis may be suitable for remote triage (10). 


FFT-based methods such as those used in the above studies, however, require the analyzed data to be very stationary (i.e., change little around a mean value, see section Technical Obstacles below). In addition, FFT-based measurements of parasympathetic activity with the HFP metric depends heavily on respiratory activity, since the power spectrum will shift significantly as breathing rate and depth change (11). This mandates assessment of respiration concomitantly with ECG analysis. A significant methodological limitation is that FFT-based methods say little about nonlinear patterns in the EKG and inter-organ interactions. These and other caveats 
 ADDIN EN.CITE 

(5,7,12)
 notwithstanding, FFT-based techniques, when used within their methodological constraints, could be useful for comprehensive analysis of waveforms because they provide branch-specific insight into the autonomic nervous system. Thus, HRV refers to a collection of methods that could be useful for obtaining additional specific information about compensation in the injured such as, for example, assessment of the fast-acting vagal influences on beat-to-beat cardiovascular regulation. This is the more consistent and reliable measurement available from HRV analysis. 

2.2
Heart Rate Complexity


A different approach to signal analysis uses statistical methods derived from nonlinear dynamics that, broadly speaking, quantify signal patterns or structural complexity of the RRI time series. They also quantify short- and long-term memory effects (correlations) in the signal 
 ADDIN EN.CITE 

(13-17)
. Structural complexity of the signal is taken to be a reflection of the regulatory complexity and organ system interconnections 
 ADDIN EN.CITE 

(18-20)
. Nonlinear methods are applied within the framework of a complex systems approach to human physiology and serve as a toolset for investigation of complex inter-organ interactions in the body (21). Nonlinear methods here are broadly termed here heart rate complexity (HRC) analysis, which denotes a family of tools that measure the amount of regulatory feedback acting, in this case, on the cardiovascular system. HRC has previously been used for EKG analysis in experimental and clinical settings by others 
 ADDIN EN.CITE 

(15,17,22-25)
 as well as by us 
 ADDIN EN.CITE 

(20,26-29)
. These studies show that reduction of HRC is a sensitive indicator of physiologic deterioration and is a new nonspecific descriptor reflecting overall cardiovascular “health” potentially suitable for decision support in the BCCE 
 ADDIN EN.CITE 

(19,20,29)
. 

We previously applied HRC analysis in animals with hemorrhagic shock. By analysing ectopy–free sections of EKG we found that hemorrhage causes a decrease in the irregularity of the RRI time series as measured by an HRC metric, entropy (26). In this area of research, entropy is different from the classical thermodynamic definition. Rather, entropy in the information theory sense means that higher entropy is associated with more information in the system, and vice versa (30). Entropy can be measured by several approaches 
 ADDIN EN.CITE 

(16,22,31)
. We used approximate entropy (ApEn) (31) and sample entropy (SampEn) (16). These metrics are computationally somewhat distinct, with SampEn being more suitable for analysis of shorter time series 
 ADDIN EN.CITE 

(16,20)
. Entropy is calculated as the negative logarithm of the conditional probability of finding arbitrarily similar patterns in the data. Pattern similarity is defined as sub-epochs of data being “mathematically close” at the next iteration and within a proportion of the standard deviation of the data set. Regular data sets have high conditional probabilities and low entropy. Data sets that are more random or irregular are less predictable and high in entropy. A more irregular dataset is higher in entropy, contains more information in the system, is under control by multiple feedback loops, and denotes higher heart rate complexity (HRC). 


Complexity and variability are not necessarily the same. A periodic sinusoidal signal can be variable, manifested by increased HRV, but not complex. This is because variability may be caused by activity in a single feedback loop. Vice versa, a more random signal can be less variable and highly complex (15). HRC as measured by entropy decreases with aging and disease (15). When critical states occur, regulatory feedback may be withdrawn thus decreasing entropy and HRC 
 ADDIN EN.CITE 

(13,32)
. We established in anesthetized swine that blood loss led to a decrease in SampEn which was reversed with resuscitation, as shown in Figure 1 (33).


[image: image1]

Figure 1: Open circles represent control swine which were anesthetized and mechanically ventilated. 
The black triangles show the injury group that underwent a step-wise 30 ml/kg blood loss, exhibiting 
statistically significant sample entropy (SampEn) differences between groups indicated by 
the asterisks. The y-axis denotes SampEn in arbitrary units, and the x-axis denotes time 
points during blood loss 1 through 4 and resuscitation with lactated Ringer’s 
solution (time point 5) and  reinfusion of withdrawn blood (time point 6).


We further investigated changes in HRC in patients undergoing post-burn resuscitation (28). The study demonstrated that during burn shock and before resuscitation, SampEn is low and then increases with volume restoration (Fig. 2) (28). 


[image: image2]

Figure 2: The y-axis denotes SampEn in arbitrary units, and the x-axis denotes 
ongoing resuscitation in hours for post-burn incident in humans, with statistically 
significant differences from initial SampEn indicated by asterisks.


In another study in prehospital trauma patients during transportation to a level I trauma center, we found that decreased HRC, measured via several complementary methods which included entropy, correlates with death (19). Furthermore, in that study, which involved off-line analysis of EKG sections collected during helicopter transport, none of the traditional vital signs or FFT-based HRV metrics distinguished eventual survivors from non-survivors; whereas several of the HRC metrics did (19). That retrospective study demonstrated that HRC is a more sensitive injury severity assessment tool when compared to traditional vital signs or HRV-derived descriptors. Among the calculated EKG-derived HRC metrics, entropy (ApEn, calculated over longer time segments e.g. 800 heartbeats) and a signal distribution metric which describing the degree of narrowness of data pattern distributions around the mean were highly associated with mortality (Fig. 3). 
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Figure 3: Receiver-operating characteristic curve (AUC) of a model based on EKG-derived HRC metrics (ApEn and Dis_2), which were found to be highly associated with mortality without any other information from traditional vital sign or data available from direct contact with the injured. Model equation: P (mortality) = ek/(1 – ek), where k = 9.91 – 14.78 * (ApEn) + 0.02 * (Dis_2). AUC = 0.956 
(95% CI = 0.86 – 1.0). Dis_2 is symbolic dynamic metric obtained by transformation of the RRI signal to a sequence of “words” composed of symbols each of which represents a probability distribution of patterns within the RRI values in reference to the mean and deviation from the mean. 


Furthermore, when a variable retrievable during direct examination of the patient (the motor component of the Glasgow Coma Scale) was added to the model, the entropy measure of HRC remained in the model (Fig. 4).
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Figure 4: Receiver-operating characteristic curve (AUC) of the model based on EKG-derived descriptors of 
status combined with information from hands-on assessment of the casualty represented by the motor component of the Glasgow Coma Scale score (GCSm). Model equation: P (mortality) = ek/(1 – ek), 
where k = 14.95 – 10.92 * (ApEn) + 0.87 * (GCSm). AUC = 0.92 (95% CI = 0.80 – 1.0).


As seen in the above figures entropy remained in the predictive equation in both stages of modelling, signifying that HRC carries additional independent information about casualty status not reflected in any of the traditional vital signs or commonly used injury assessment scores such as GCSm (19). In the above studies the HRC metric ApEn was highly correlated (r=0.99) with SampEn and was used instead of SampEn in the logistic equations. To re-iterate, both metrics are methodologically similar. We since moved to using SampEn as our main HRC irregularity metric because it is less sensitive to dataset length than approximate entropy; the latter requires 800 data points for a valid result (31). SampEn on the other hand allows accurate assessment of irregularity in a time series that is only 100 to 200 heartbeats long (20). It also provides for a more reliable measure of irregularity in noisy signals, potentially suitable for continuous real-time applications (22). 


In a follow-up study, we considered a more practical diagnostic endpoint than mortality; namely, the performance of life-saving interventions (LSI)s such as intubation, chest tube placement, cricothyroidotomy, or cardiopulmonary resuscitation 
 ADDIN EN.CITE 

(2)
. Decreased HRC as measured by SampEn and other complementary metrics were associated with the performance of LSIs in prehospital trauma patients (29). 

It is noteworthy that in neither of the above studies did heart rate or blood pressure values distinguish surviving patients (19), or patients who received LSIs (29),  reiterating that conventional vital signs alone are inconsistent markers of critical states in humans 
 ADDIN EN.CITE 

(1)
. In a recent report we found HRC to provide additional information to conventional vital signs as manifested in a significant improvement in the area under the curve exploring association with the need to perform LSIs. Namely, the area under the curve based on heart rate and blood pressure data alone was 0.69 whereas it increased to 0.86 with addition of a few key HRC metrics and further to 0.95 after addition of all HRC and some HRV metrics to the model (34). This reiterates the concept of comprehensive assessment of patient status using complementary tools from HRC and HRV analysis 
 ADDIN EN.CITE 

(27-29,33,35)
. Since no single metric is likely to provide a complete picture of a patient’s status, comprehensive analysis using multiple descriptors has the potential to increase validity and reliability of findings. 

The same analyses approaches as described for EKG can be used to other sensor-derived data such as respiratory waveforms. We demonstrated this capability in a recent study in which we utilized SampEn to investigate differences in the irregularity of inter-breath period between spontaneously breathing patients on continuous positive airway pressure (CPAP) vs. volume-controlled mechanically ventilated patients (VC). We carried out SampEn analysis utilizing 200 inter-breath periods following the same concepts described above for EKG analysis. This study demonstrated that VC patients have more regular breathing patterns compared to CPAP patients (36). More importantly, presence of more irregular (complex) breathing patterns during spontaneous breathing trials was associated with successful extubation, whereas patients with less irregular (less complex) inter-breath periods failed extubation (36). 


HRC is less specific than HRV in the sense that specific autonomic correlates of HRC have not been identified. To this end, vagal activity appears to be a consistent component of HRC. In studies by others 
 ADDIN EN.CITE 

(24,37)
as well as us 
 ADDIN EN.CITE 

(19,20,26)
, changes in HRC as measured by various complementary nonlinear metrics were unidirectional with the HRV metric HFP. The nonspecificity of HRC is not surprising considering that HRC quantifies the overall amount of regulation present in a system, rather than the activity of a single feedback loop. This is why we propose to use HRC as a way to assess the overall “health” in a complex system such as a critically injured patient. 


3.0
MACHINE LEARNING FOR MULTIVARIATE ANALYSIS


Generation of multiple descriptors from traditional vital signs, HRC, and HRV raises the problem of how best to use them in decision support systems. An established approach to a multivariate problem like this is machine learning (ML).  

Clinical decision making by physicians is a complicated, subjective, and nonlinear process. More objective tools stemming from advances in artificial intelligence are now available for medical prognosis (38) and have been used with encouraging results 
 ADDIN EN.CITE 

(39,40)
. Some examples of ML-based classification using artificial neural networks (ANNs) exist in the literature. These include decision support for (1) extubation of  infants on mechanical ventilation (41) (2) admission of  patients with chest pain (39), (3) classification of colon cancer and prediction of survival (42), and (4) prediction of survival after trauma 
 ADDIN EN.CITE 

(40,43)
. This growing interest in using ML can be explained by the ability of neural networks to “learn” and “adapt” directly from data, thus accommodating the intrinsic nonlinear nature of biomedical data (38). Other classification methods such as decision trees, linear discriminant analysis, and support vector machines are available for evaluation in this application. Our team compared several ML-based approaches, with the aim of providing an estimate of the probability of LSIs in trauma patients (44). A real-time ANN implemented on a mobile PC showed a 92.3% accuracy in cumulative assessment of the need to perform LSIs based on of vital sign and demographic information retrieved from 2170 trauma patients (44). 


Most studies performed to date that involved ML, however, utilized large numbers of input variables--to include demographic data, disease symptoms, laboratory findings, and injury severity scores. Generation of this amount of information is time-consuming, requires direct contact with the patient, and presumes presence of equipment not available in the field. Alternatively, we proposed ML analysis of EKG-derived metrics (45). For this purpose, we used EKGs collected from prehospital trauma patients in the U.S., together with combat casualties admitted to an emergency department in the Iraq combat zone (35). Sections of EKGs were acquired from these patients and analyzed using multiple HRC and HRV methods. Information about LSIs was acquired from patient charts. The calculated descriptors of status were submitted to a commercial ANN and were found to be highly associated with the need to perform LSIs. Figure 5 depicts the sensitivity and specificity of the ECG-derived metrics for performance of LSIs using receiver operating characteristic (ROC) curve. This result was achieved with information from 14 EKG-derived HRC and HRV descriptors (Fig. 5). 

[image: image5.emf]

Figure 5: ROC curve for model derived by ANN exploring association with LSIs using EKG variables alone. Area under the curve (AUC) = 0.868; 10-fold cross validation; standard error 0.028. Asymptotic significance was 0.001, and the lower and higher asymptotic 95 % 
confidence intervals were 0.812 and 0.924, respectively. 


Based on these results, we consider automated processing and classification of the information contained in the new descriptors of injury severity derived from EKG an attainable task. By evaluating the available EKG (or other waveform)-derived descriptive information with additional demographic or vital sign data, such decision support systems will enhance medical decision making.


In summary, previous research and our work in particular show that detection of cardiovascular perturbation and prediction of the need to perform LSIs could be significantly improved. The proposed HRC measures and decision support algorithm are expected to be implementable in real time, pending resolution of some technical obstacles.


4.0
TECHNICAL OBSTACLES 

At present, there are several obstacles that need to be overcome before successful implementation of sensor-based descriptors of physiologic status can be expected in real-time. The first well-known obstacle is data quality and the amount of “electromechanical noise” in any waveform to be analyzed. For EKG, disconnection of leads, acquisition (digitization) rate and mechanical artefacts of any kind have been shown to render traditional HRV analyses useless. This means that accurate identification of EKG fiducial points is a hallmark of reliable waveform processing (6). Effects of these factors on nonlinear analysis tools are less well documented. Although nonlinear analysis tools are often cited as “robust to noise,” no method is likely completely immune to missing or corrupted data. One way of dealing with noisy data is to analyze shorter clean data sets and obtain a “snapshot” of the casualty status (20). However, for continuous analysis of real-time data, reliable signal quality assessment tools will have to be developed and validated 
 ADDIN EN.CITE 

(46-48)
.


A second obstacle is presence of “organic noise” or biological artefacts, due to premature beats or arrhythmias that can significantly alter the results of waveform analysis as they introduce sudden changes into the signal distribution. We distinguish this “organic noise” from the above “electromechanical noise” because various forms of arrhythmias carry independent prognostic value and can quantified by methods such as heart rate turbulence 
 ADDIN EN.CITE 

(49,50)
. Sudden changes in the RRI affect the stationarity of the signal, and maybe undistinguishable from an undetected beat due to poor performance of the EKG R-wave detector. Thus stationarity may be altered due to changes of cardiac origin as well as due to detection errors. 


Regardless of the specific cause, a stationary signal is one its mean value remains relatively constant in relation to the standard deviation of the signal over some period of time. This measure is always relative to the time segment over which analysis is being considered. The longer the signal segment, the less stationary it is. This suggests that more reliable results could be obtained if shorter segments of data are analyzed. From a practical standpoint, given the consideration of dataset length, obtaining a “snapshot” of the casualties’ condition may be a viable diagnostic solution in the BCCE if a continuous data stream cannot be obtained (20). 


Changes in fundamental signal properties such as nonstationarity can by themselves serve as descriptors of status (51). If stationarity is not accounted for, a danger exists that changes in the descriptors calculated from the signal are solely caused by rapid changes in data character (stationarity) rather than true changes in dynamics of the data (22). We consistently use an index of nonstationarity in our studies and monitor changes therein 
 ADDIN EN.CITE 

(20,27)
. Nonstationarity render traditional HRV analyses useless because a single spurious peak (whether true ectopic beat or spurious detection) can profoundly influence the spectral components of HRV (6). Nonstationarity can also significantly skew most nonlinear analysis results. However, several approaches have been reported to be less sensitive to nonstationary changes in the data such as the point correlation dimension (PD2i, see next section) 
 ADDIN EN.CITE 

(23,52)
, quadratic sample entropy (22) or non-Markov stochastic methods (53). In addition, methods like empirical mode decomposition may be one way of preprocessing of data before analysis (54).


A third caveat is the need for common communication protocols between existing monitoring equipment manufacturers. This is an important roadblock that hampers implementation of new analysis methods on existing monitoring platforms. Overcoming this roadblock will require collaboration among researchers in the medical, signal processing, biomedical engineering and computational biology fields in order to improve combat casualty and civilian trauma care 
 ADDIN EN.CITE 

(55,56)
. The commercial success of the cardioverter-defibrillator industry clearly demonstrates that the obstacles at hand can be successfully overcome.   

4.1      Does HRC Work in Real-Life Noisy Data?

One of the methods reportedly designed to deal with nonstationary RRI data sets is the point correlation dimension (PD2i, Vicor Inc., Boca Raton, FL) 
 ADDIN EN.CITE 

(23,57)
.  The Correlation Dimension concept models the cardiovascular system as a stationary strange attractor, plots its position in phase space and quantifies a decrease in the dimensions of regulation of this system as a decrease in the number of states of the system in phase space.(23)  Thus, a more complex signal is a reflection of a higher number of dimensions of regulation or feedback loops in action, whereas a lower correlation dimension points to a decreased complexity of regulation. PD2i is thought to measure the degree of interaction or “cooperation” among the various feedback loops that control the heart rate 
 ADDIN EN.CITE 

(23,57)
  PD2i has been applied in animal
 ADDIN EN.CITE 

(23,58)
 and human studies;
 ADDIN EN.CITE 

(57,59)
 and was found to separate patients at risk of lethal arrhythmias.
 ADDIN EN.CITE 

(59,60)
 The algorithm is currently FDA approved as a tool to measure autonomic status in humans.


In a recent study a blinded analysis of unprocessed (“Raw”) EKG segments from trauma patients obtained from the USAISR Trauma Vitals database was performed.(61,62). This work was conducted to investigate the potential of PD2i to be applied to “real world” data which contain noise or ectopy, and which consist of data sets of varying lengths. The analysis was performed using proprietary software (Vicor 2.0, Vicor Technologies, Inc., Boca Raton, FL) that takes the EKG as an input, determines the RRIs, employs several noise analyses, and then calculates the PD2i 
 ADDIN EN.CITE 

(23,58,63)
. A PD2i value of 1 is considered a critical cut-off value in that if it was lower the condition of the subject was likely critical. PD2i calculations were carried out in unprocessed “Raw” files which contained EKGs of various lengths (mean 21 minutes, range 2.7 to 81.1 minutes) and were not preprocessed manually. These results were compared to those obtained from files that were previously processed in our laboratory and verified to have no ectopic beats or spuriously detected EKG. These “Clean” data sets were 200 beats in length and were selected from within the longer “Raw” data sets. Results of the analysis of Raw files, exploring associations between PD2i score and 3 outcome measures (the need to perform LSI, Death, and Death or LSI), are summarized in Table 1. LSIs included intubation, cardio-pulmonary resuscitation, chest tube placement and cricothyroidotomy.


Table 1: Results of the Analysis of Raw Files.

		Raw analysis

		Sensivity

		Specificity

		AUC



		· LSI 

		· 85.2% 

		· 53.6% 

		· 0.704 



		· Death 

		· 90.0% 

		· 51.2% 

		· 0.689 



		· Death or LSI 

		· 87.5% 

		· 50.3% 

		· 0.672 





The results showed that critically low PD2i values were associated with performance of LSIs and death in trauma patients. Furthermore, results obtained from Raw vs. Clean files showed reasonable agreement in calculated PD2i values especially in the important diagnostic range of PD2i=1 (Fig. 6). 
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Figure 6: Bland-Altman plot depicting correspondence 
between PD2i calculations in the Raw and Clean files. 

We concluded that PD2i applied to unverified EKG data may provide information about the status of trauma patients and may be a useful tool for assessment of injury severity and the need to perform LSIs. Based on these preliminary results, technology like PD2i could be a useful component of decision support, as it could identify injury severity in EKG files of questionable quality. In addition, insofar as PD2i is a multi-scale metric, it is conceptually similar to multiscale entropy (MSE). The latter involves coarse-graining of the RRI time series, and measures SampEn along multiple time scales (64). Preliminary data from our laboratory suggests that use of these multiscale metrics may provide even more accuracy in detecting the severely injured (65). 

5.0
CONCLUSIONS


This review covered recent work in generating new descriptors of injury severity from common physiologic signals such as the EKG, with the aim of developing decision support tools. We advocate for a comprehensive use of various tools from HRV analysis which provide more specific information about autonomic compensation, and from HRC analysis which serves as a more sensitive and comprehensive marker of overall health of casualties. Processing of the multiple descriptors of patient status could be automatically carried out using various machine learning approaches such as ANN, thus avoiding information overload. Some obstacles remain to be solved, including data quality, artefact detection, storage, and inter-device communication. However, several methods show low sensitivity to data quality problems, and produce relevant and usable information even at the current stage of development. This increases our enthusiasm about expedient resolution of the challenges at hand. It is imperative that as we carry this research to clinical trials, we work together in multidisciplinary teams to take advantage of advances in the cardiovascular device industry; to improve data capture, storage, compression and transmission; and to incorporate these new descriptors of physiologic status into meaningful decision-support systems suitable for daily clinical use. 
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Abstract

The military has long been interested in advanced decision-support capabilities for combat casualty care in which an automated computer algorithm processes available data and, through artificial intelligence, offers caregivers accurate information about the state of the casualty.  However, two major obstacles have impeded these capabilities.  First, routine vital signs have been speculated to be insensitive to prehospital major traumatic pathology.  Second, there are numerous potential sources of decision-support failure, and it is not possible to investigate and address such potential limitations and demonstrate utility within the confines of a research laboratory.  To address these obstacles, we retrospectively mined our trauma database consisting of vital signs and attribute data from 898 patients, and employed various signal-processing, artificial intelligence, and knowledge engineering technologies to develop an automated decision-support system.  Our system for major hemorrhage diagnosis yielded an area under the receiver operating characteristic curve of 0.85 (95% confidence interval 0.80-0.90), with an 85% sensitivity and a 73% specificity, when retrospectively applied to the testing set of basic vital-sign data.  In parallel, we developed a novel plug-and-play software/hardware system (termed APPRAISE) for automated, real-time data collection and prospective testing of decision-support algorithms in prehospital, clinical settings.  Through simulations, we verified APPRAISE’s real-time capability.  Here, we summarize our technologies and findings in the development of an advanced medical system to reach the long-awaited goal of field deployment of automated decision-support tools for the triage and diagnosis of trauma casualties.

1.0
INTRODUCTION

Casualty care on the battlefield is challenging.  In addition to major environmental distractions and dangers, caregivers may face suboptimal resources and incomplete diagnostic information.  Proper assessment of the state of the casualty and determination of the emergent need (or not) for life-saving interventions can be problematic.  The problem is exacerbated in mass casualty situations, where many casualties are tended by only a few caregivers who have received limited training on casualty care, while timely and proper diagnosis and treatment of casualties are critical for their ultimate survival.  To overcome these challenges and optimize casualty outcome, it would be useful to develop and employ automated decision-support tools that could intelligently analyze early vital-sign data on the battlefield and autonomously generate reliable medical decisions.  We have already witnessed decreases in morbidity and mortality in war wounds from the 19th century to the modern wars due to the adoption of better evacuation and treatment strategies, medical equipment, and care training systems [1]; however, about 15% of combat deaths in the recent Iraq war are still reported as being potentially survivable 
 ADDIN EN.CITE 
[2, 3]
.  The challenge for researchers is to develop decision-support tools that address the constraints of battlefield environments and assess their benefits.  

The United States military has long been interested in developing advanced decision-support capabilities, which, based on physiological information collected by biosensors and an automated computer algorithm, can autonomously determine the injury state of casualties and formulate a prognosis and/or diagnosis.  Such capabilities are especially important when triaging and monitoring multiple casualties during transport from the field to higher echelons of care.  However, two major obstacles have impeded such capabilities.  First, routine vital signs are notoriously unreliable in the prehospital environment, which is largely due to various confounding factors, such as motion artifacts, power supply interference, and changing psychological status of the soldiers, and the diagnostic value of prehospital vital signs for major traumatic pathologies has often been questioned 
 ADDIN EN.CITE 
[4-8]
.  Indeed, our automated post hoc analysis of vital-sign data of 898 trauma patients, collected during helicopter transport to a Level I trauma center, indicates that only 44% of heart rate (HR) records and 27% of respiratory rate (RR) records are of sufficient quality to be used for automated decision support 
 ADDIN EN.CITE 
[9, 10]
, and unreliable vital signs are significantly less informative for the diagnosis of major trauma pathologies than reliable vital signs [11, 12].  Second, there are numerous potential sources of decision-support failure, which can be due to the unique and unforeseeable battlefield conditions, confounding factors from medical interventions, and the high sensitivity of the algorithms to data outliers.  Clearly, it is not possible to investigate and address such limitations and demonstrate utility within the confines of a research laboratory.  

Over the past several years, our program has established a set of automated decision-support technologies for the prehospital care of trauma patients.  These technologies were developed in a systematic fashion through retrospective mining of a civilian trauma database, and addressed several key issues relating to signal processing, artificial intelligence, and knowledge engineering.  Specifically, our technologies are comprised of: 1) signal-processing technologies that automatically determine the reliability of vital-sign data and extract vital-sign features; 2) artificial intelligence classifiers that discriminate clinical outcomes, i.e., case and control groups, while considering real-world data problems, such as missing vital signs, noisy data, and unbalanced case-control groups; 3) a plug-and-play software/hardware system for real-time field data collection and decision support; and 4) prospective field validation.  These technologies embody a fully automated decision-support system that can be taken into the field to monitor and diagnose trauma patients in real time.  The system relies only on conventional vital-sign data, such as HR, RR, arterial blood oxygen saturation (SpO2), and systolic and diastolic blood pressures (BPs; SBP and DBP, respectively), and displays the maximal tolerance to noise and incomplete measurements that are emblematic of field-collected data.  We have focused our system on the diagnosis of major hemorrhage, which is a major source of trauma mortality and is often treatable 
 ADDIN EN.CITE 
[13-15]
, and our system demonstrated good performance in hemorrhage diagnosis when retrospectively tested on the trauma database.  Such capability is also useful for automated diagnosis, triage, and vigilant monitoring of combat casualties during long-distance air transport or in military medical treatment facilities. 

In this paper, we review the above-mentioned technologies, focusing on their practical value in addressing two major obstacles: the unreliability and information content of field-collected vital signs and the ability to test decision-support tools in realistic environments.  Our studies revealed that basic vital signs can offer surprisingly rich information for the automated diagnosis and decision support of trauma casualties.  In addition, our preliminary assessment showed that our software/hardware system is capable of collecting and analyzing vital-sign data in real time.  To this end, we propose a unique solution in which novel algorithms can be plugged into our real-time system in minutes, and they can be rapidly deployed in the field for prospective validation.  

2.0
RETROSPECTIVE mining of trauma DATA 

2.1
Data Collection

Our decision-support system was developed based on the retrospective analysis of physiological vital-sign time-series data collected from 898 trauma-injured patients during transport by medical helicopter from the scene of injury to the Level I unit of the Memorial Hermann Hospital in Houston, TX 
 ADDIN EN.CITE 
[16-19]
.  The vital signs were measured by Propaq 206EL monitors (Welch Allyn; Skaneateles Falls, NY) [20] during transport, downloaded to an attached personal digital assistant, and ultimately stored in our database [21].  The time-series data consisted of high-frequency electrocardiogram (ECG), photoplethysmogram (PPG), and impedance pneumogram (IP) waveform signals recorded at 182, 91, and 23 Hz, respectively, and their corresponding monitor-calculated vital signs (HR, SpO2, and RR), recorded at 1-s intervals.  In addition, SBP, DBP, and mean arterial pressure (MAP) were collected intermittently at multi-minute intervals.  In addition, we collected 100 attribute data via retrospective chart review, which included demographics, injury descriptions, prehospital interventions, and hospital treatments 
 ADDIN EN.CITE 
[9, 10, 12, 15-19, 22, 23]
.  


2.2
Outcome Definition 

Our work focused primarily on the diagnosis of major hemorrhage induced by trauma, which is a significant source of mortality in the battle field and is often treatable 
 ADDIN EN.CITE 
[13-15]
.  We identified “case” and “control” outcomes for major hemorrhage using objective criteria.  Because there are no perfect, indisputable retrospective definitions of major hemorrhage, we also tested the system using alternative hemorrhage definitions to verify that our system performed well given any reasonable definition of major hemorrhage.  A good decision-support system should not be sensitive to the precise way in which the outcome of interest is defined; rather, it should yield similar performance for any reasonable definition of the clinical outcome.  To test the performance of the system under alternative outcome definitions, we performed sensitivity analysis.  The following definitions have been investigated:


· Primary definition of major hemorrhage (cases): Major hemorrhage was defined as the receipt of blood transfusion within 24 h upon arrival at the hospital, along with documented anatomic injuries that were explicitly hemorrhagic.  Such explicit injuries include one or more of the following: (1) laceration of solid organs, (2) thoracic or abdominal hematomas, (3) explicit vascular injury that required operative repair, or (4) limb amputation.  

· Alternative definitions of major hemorrhage: We explored alternative definitions of major hemorrhage as receiving blood transfusion or a fluid transfusion of >3 liters, and/or documented anatomic injury (see above).  

· Controls: In the primary outcome analysis, we excluded patients who received blood but did not meet the documented injury criteria, i.e., ambiguous hemorrhagic patients, and patients who died before arrival at the hospital (121 patients excluded); the remaining patients constituted the control group.  In the primary and alternative definitions of major hemorrhage, we also explored control patients with/without exclusion of ambiguous hemorrhagic patients.

2.3
Demographics 

Among the total 898 trauma patients, 110 (12%) patients did not have any vital-sign data collected during transport, 105 (12%) of the remaining patients had ambiguous hemorrhagic condition, and 9 (1%) additional patients did not have any reliable vital-sign data based on our data reliability algorithms (see Section 3.1, “Vital-Sign Data Reliability”).  The remaining 674 patients comprised our study population.  Table 1 shows the demographics of the overall database as well as the study population. 

Table 1: Demographics of the overall database and the study population.

		Characteristics

		Overall database

		Study population



		Population size

		898

		674



		Male

		660* (73%)

		501 (74%)



		Female

		234* (26%)

		173 (26%)



		Mean age, yr

		37 (SD† 16)

		37 (SD 15)



		Blunt injury

		778 (87%)

		599 (89%)



		Mortality

		94 (10%)

		41 (6%)



		Prehospital intubated

		201 (22%)

		115 (17%)



		Major hemorrhage‡

		94 (10%)

		78 (12%)



		*4 patients had no assigned gender in the overall database. 


†Standard deviation.

‡Received blood transfusion in the hospital and also had documented injuries that were consistent with major hemorrhage.








2.4
Statistical Methods 

The diagnostic performance of our decision-support system was evaluated by constructing receiver operating characteristic (ROC) curves, which provide a tradeoff relationship between sensitivity and specificity of the system’s decision outputs under a varying threshold, and by calculating the corresponding area under the curve (AUC) for each ROC curve, which provides a metric of the system’s overall performance.  An AUC of 1.00 represents a perfect system and 0.50 represents a random one.  We used ROCKIT freeware (University of Chicago) [24] for these analyses, which automatically partitions the system’s decision outputs into at most 20 intervals for the ROC-curve construction.  ROCKIT assumes a binormal ROC model, that is, data for each of the outcomes (i.e., major hemorrhage cases and controls) are considered to be normally distributed.  Under this assumption, each ROC curve is transformed into a straight line on the normal-deviate axes, whose ordinate intercept “a” and slope “b” are estimated by the maximum likelihood method [24].  The AUC is computed based on its mathematical relationship with a and b.  The ROC curves estimated from this method are smoother than empirically evaluated ROC curves and can better represent the relationship between the outputs of the decision-support system and the clinical outcomes.  

3.0
SINGAL-PROcessing TECHnologies

Physiological time-series data collected in the field are noisy, and the diagnostic value of prehospital vital signs has been questioned 
 ADDIN EN.CITE 
[4, 5]
.  Even in-hospital vital signs are prone to erroneous measurement 


[6, 25] ADDIN EN.CITE .  The determination of vital-sign data reliability is a primary challenge in developing automated decision-support systems and, therefore, we employed various signal-processing technologies to rigorously and systematically analyze prehospital vital-sign data, and created a complete set of data-processing algorithms to evaluate the reliability of each vital-sign time series and extract useful information, or features, from the vital signs.  

3.1
Vital-Sign Data Reliability 

We have developed a set of algorithms to automatically evaluate the reliability of vital-sign time-series data collected in the field, utilizing redundant information present in high-frequency waveforms (ECG, PPG, and IP), based on which we algorithmically derived HR and RR, and the corresponding monitor-calculated vital signs (HR, SpO2, and RR), and the physiological relationships between SBP, DBP, and MAP 
 ADDIN EN.CITE 
[9, 10, 12]
.  Our decision-support system then used these data-reliability algorithms to automatically identify and then exclude unreliable vital-sign data.  We have shown that reliable data are superior to and significantly more predictive of clinical outcomes than unreliable data (as determined by our automated algorithms) [12, 16].  Regarding the importance of data reliability, we have found the following:

· Our data-reliability algorithms rated each vital-sign datum on an integer-scale quality index (QI) ranging from “0” to “3,” reflecting vital-sign reliability from the least to the most reliable 
 ADDIN EN.CITE 
[9, 10, 12]
.  We compared the algorithm-based rating of the vital-sign reliability, accepting QI≥2 as reliable, with human expert ratings and found that they concurred 90% of the time.  However, in our database, we found that only 27% of RR, 44% of HR, 40% of SpO2, and 87% of BP records were reliable based on our algorithms.


· Our RR-reliability algorithm evaluated IP waveform (the source of the monitor-computed RR) and identified rhythmic and clean segments.  We found that RR that was computed exclusively from these clean, rhythmic waveform segments is statistically superior to standard measures of RR as a predictor of hospital intubation and major hemorrhage 
 ADDIN EN.CITE 
[9, 16]
.  Indeed, computed in this fashion, elevated RR is as diagnostic of major hemorrhage as hypotension (ROC AUC of 0.77 for RR, of 0.71 for SBP, and of 0.60 for MAP) [16].  However, ~50% of the patients in our database did not have “reliable” RR.


· Another algorithm evaluated the reliability of the PPG waveform, a key component of pulse oximetry.  In our database, we found that standard prehospital hypoxia (SpO2 ≤91%) has a positive predictive value (PPV) of ≤75% as a predictor of thoracic or intracerebral injury.  Prehospital hypoxia concurrent with a clean PPG waveform has a significantly higher PPV (≥95%) for the same outcomes [17].  However, this measurement has low sensitivity because the majority (~70%) of the PPG-waveform data in our database were found to be unreliable.


· Our HR reliability algorithm evaluated the ECG waveform and considered if there is agreement between several different methods of computing HR.  The algorithm was previously compared versus blinded human experts for several hundred ECG waveform excerpts [10].  When the HR algorithm identified reliable data, in 97% of the cases, blinded human experts concurred that the waveform was clean and, in 100% of those cases, concurred with the monitor’s reported HR.  When the algorithm identified unreliable data, humans agreed 85% of the time, suggesting that the algorithm was more selective than the human experts [10].


· The BP-reliability algorithm compared the HR measured by an oscillometric noninvasive BP cuff against the ECG HR and also checked that the relationships among SBP, MAP, and DBP were physiological [12].  Reliable SBP, as determined by this algorithm, was found to be statistically superior to unreliable SBP as a predictor of major hemorrhage [17].

3.2
Feature Extraction 

“Feature” refers to some function of the continual physiological data, which seeks to provide diagnostically useful information to the decision-support system.  For example, a feature may be as simple as the moving average or the maximum value of a continually monitored vital sign.  Other features can be computationally more sophisticated, such as the rate of change of a signal or its signal power at a specific frequency.  We have developed algorithms that automatically compute features from standard vital signs, taking into consideration their variation through time.  Accordingly, we explored parameters related to temporal patterns that have diagnostic value, such as peaks, troughs, means, standard deviations, differences, and rates of change as well as much more complex “shapes” that appear as the parameter is plotted through time.  Regarding prehospital vital-sign features, we have several key findings: 

· During 21 min of transport time to a trauma center, vital-sign trends do not offer clinically useful discriminatory power (ROC AUCs) to distinguish major hemorrhage cases versus controls (for all vital signs, ROC AUCs were not significantly better than 0.50) [17].  


· For each of the five basic vital signs, HR, RR, SpO2, SBP, and DBP, their 21-min averages for major hemorrhage cases are statistically significantly different than controls [17].  


· For each of the five vital signs, the magnitude of the 95% data range (averaged over all subjects) is considerably larger than the magnitude of any temporal trend [17].


· Using the 21-min averages of RR, HR, and SpO2 versus their initial values yielded improvements in ROC AUCs anywhere from +0.02 to +0.10 [17].

· Using wavelet transformation to represent the “shape” of HR plotted through time with a small number of parameters (i.e., wavelet coefficients) allows us to identify associations between temporal HR patterns and major hemorrhage.  A combination of ten automatically selected temporal HR patterns yielded a sensitivity of 0.68 and a specificity of 0.79 [18]; however, only 47 hemorrhage cases out of the 94 total cases in our database had continuous reliable HR for >2 min as required for this analysis, and the most frequent HR temporal pattern was present in only 23% of these cases.

· We have combined multiple vital signs into a single “composite” variable via certain mathematical relationships.  For example, SBP and DBP were combined through subtraction to define the pulse pressure (PP), and RR was divided by PP to define the “breath index” (BI) [11], which is a novel predictor of major hemorrhage. Composite variables show increased AUCs compared with individual vital signs 
 ADDIN EN.CITE 
[11, 15]
, but they are not statistically significantly different than a linear combination of the basic constituent vital signs 
 ADDIN EN.CITE 
[15]
.


· Respiratory-induced waveform variation (RIWV) in the PPG is a feature that has been associated with hypovolemia in mechanically ventilated patients and in controlled laboratory environments 
 ADDIN EN.CITE 
[26, 27]
.  We found that RIWV is a statistically independent predictor of major hemorrhage in our patient database, above and beyond a full set of standard vital signs, and that RIWV moderately improves the overall AUC of a multivariate statistical model [23].  However, as noted above, the majority of PPG-waveform data in our database were found to be “unreliable.”

4.0
ARTIFICIAL intelligence classifiers 


The diagnostic capability of our decision-support system is attained through artificial-intelligence-based classifiers, which are computer algorithms that take as inputs one or more vital-sign features and generate a decision output to discriminate between two clinical outcomes, or classes, e.g., major hemorrhage cases and controls, in our application.  These artificial intelligence classifiers are typically “trained” on a proportion of a retrospectively collected dataset, and subsequently applied to the remaining “testing” dataset (or prospectively collected data) to discriminate between the possible clinical outcomes.  

4.1
Classifier Development

Our classifier algorithms were developed through a systematic retrospective analysis of our database.  First, we thoroughly analyzed vital-sign features extracted from our patient database, such as the mean, variation, trend, and shape of the vital signs, and examined their discriminatory value under various time and data-reliability conditions.  For example, as mentioned above, we found that using the 21-min averages of RR, HR, and SpO2 versus their initial values as input features to classifiers yielded improved performance, and that reliable RR, SBP, and SpO2 are more predictive of major hemorrhage than unreliable measurements.  Next, we compared univariate classifiers (i.e., classifiers with only one input vital-sign feature) against multivariate classifiers (i.e., classifiers with multiple input vital-sign features), and established that multivariate classifiers provided improved discrimination.  In addition, we compared the results obtained with linear against nonlinear classifiers, such as artificial neural networks and support vector machines, and found that nonlinear classifiers were not necessarily superior to simpler techniques 
 ADDIN EN.CITE 
[15, 22]
.  Finally, we used ensemble classifiers to address the problem of missing vital-sign data. An ensemble classifier consists of multiple linear “base” classifiers and an “aggregator” that combines the outputs of the base classifiers.  Ensemble classifiers have been reported in the literature to provide improved classification accuracy [28], because the integration of multiple separate classifiers, reporting an “ensemble” behavior, is less susceptible to idiosyncrasies in the data.  Regarding ensemble classifiers, we have the following key findings.  

· Our initial tests indicated that all of the vital-sign variables contain information useful for classification and that there is no consistent best-feature set for input into a classifier [22].  We also verified that composite variables, including PP and BI, do not provide additional information than their constituent vital signs 
 ADDIN EN.CITE 
[11, 15, 22]
.  Therefore, we only included the five monitor-calculated basic vital signs, HR, RR, SpO2, SBP, and DBP, as input features into the ensemble classifier. 


· There was no performance improvement, in terms of AUC, by using more than three inputs to the base classifier.  Hence, our ensemble consisted of 25 linear base classifiers corresponding to the 25 possible combinations of one, two, and three input vital-sign features [22].  

· In general, the performance of ensemble classifiers is only weakly dependent on the selected aggregation method, such as majority vote, median, or average [29, 30].  Our preliminary results confirmed this observation and, therefore, for convenience, we aggregated the results of the base classifiers by averaging.  

· The performance of the ensemble classifier increases with the increasing length of reliable vital-sign time-series data [31, 32].  Accordingly, for classification at a given time t, we found that we should use all reliable data available up to time t. 

4.2
Classifier Evaluation

We evaluated the performance of the ensemble classifier through separate training and testing datasets that were randomly selected from our database, where data from the training dataset were used to train the ensemble classifier, and data from the testing dataset were used to evaluate the classifier’s diagnostic performance.  The use of separate training and testing datasets prevented us from overestimating the classifier’s performance.  To obtain a “representative” classifier performance, we trained/tested each classifier through 100 trials, each using 50% of the data for training and the remaining 50% for testing.  Because the two datasets had unbalanced hemorrhage versus control classes (almost 1:8), to reduce classifier bias, the training classes were balanced by upsampling (i.e., randomly repeating) hemorrhage patients until both classes had the same number of patients.  For each simulation, we computed the mean AUC and the corresponding 95% confidence interval (CI) based on the 100 testing trials.

The ensemble classifier, as the average of linear base classifiers using all combinations of one, two, and three vital-sign features, had good diagnostic performance, generating a test AUC of 0.85 (95% CI 0.80-0.90) for distinguishing hemorrhage from control patients in the study population.  The classifier offered a sensitivity of 85% at a specificity of 73% when retrospectively applied to the testing dataset (i.e., the set of data that is different from the set used to train the algorithm).  In contrast, we found that early field hypotension (i.e., SBP ≤110 mmHg) was only 47% sensitive and 87% specific, as shown in Figure 1.  Note that these results are dependent on how features are computed and on data selection criteria, and may vary and degrade if applied to casualties with low-quality or missing data [22].
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Figure 1: Histogram showing how effectively different physiology measurements are able to discriminate between casualties with major hemorrhage (dark red bars) and control patients (light blue bars).  We summarize the receiver operating characteristic curve with the area under the curve (ROC AUC), where 1.00 represents a perfect classifier and 0.50 represents a random classifier.  
We also report the optimal performance point [33] (dotted line) for each method.  Left: Using 
the initial field measurement of systolic blood pressure (SBP), with a cut-off of 110 mmHg, 
fewer than 50% of major hemorrhage patients are identified (sensitivity = 47%).  
Right: Using the output of our ensemble classifier [22], we see a statistically 
significant improvement in classification, with sensitivity as high as 85%.  

The ensemble classifier was notably tolerant of missing data.  Among the 674 patients in the study population, only 399 (59%) patients had reliable data for each vital sign at some time during the transport.  This means that if we had used a conventional multivariate classifier for decision making that required the availability of each and every vital sign, we would have missed 275 (41%) patients.  We did require, however, that each patient had at least one reliable measurement from any of the five basic vital signs.  This rather mild requirement allowed us to diagnose all but 9 (1%) out of the total 898 patients.  We are developing signal-processing technology that can recover vital signs from noisy waveform signals to further increase data availability [34].   

5.0
Development of field-deployable system

Our decision-support algorithms for data processing and hemorrhage diagnosis were developed retrospectively using our trauma database.  Such retrospectively developed algorithms may be subject to idiosyncrasies of our specific database, and may not perform as well in real-time, prospective clinical settings because of unanticipated operational problems and multiple confounding factors, such as motion artifacts, caregiver interventions, and sensor failures, which are ubiquitous in unrestricted clinical environments.  To evaluate the prospective performance of any in-house-developed decision-support algorithm and assess its sensitivity and potential limitation in actual clinical environments, we developed a plug-and-play software/hardware system, termed APPRAISE (Automated Processing of the Physiologic Registry for the Assessment of Injury Severity), that can collect physiological data, and run and test decision-support algorithms in real time [35, 36].  

5.1
The APPRAISE System for Real-Time Data Collection & Testing of Decision-Support Algorithms

Our APPRAISE system is an integrated hardware and software system developed for the real-time collection of physiological data and for the plug-and-play testing of novel decision-support algorithms during actual clinical operations.  The APPRAISE hardware system consists of a standard-of-care vital-sign monitor, and a ruggedized ultramobile personal computer (PC) [see Figure 2].  The vital-sign monitor is a Welch Allyn’s (Skaneateles Falls, NY) Propaq Encore 206EL monitor [20] with the Acuity Port option, and the ruggedized PC is Roper Mobile Technology’s (Tempe, AZ) Switchback [37] running the Microsoft Windows XP operating system with 2 GB of memory and a 32-GB solid-state drive.  The Propaq is mounted on top of a small cage, which houses the PC and acts like a pedestal (Figure 2, left panel).  The PC is connected to the Propaq through an RS-232 to USB adapter.  
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Figure 2: The APPRAISE software/hardware system for clinical field trials of decision-support algorithms 
[35, 36].  Left: A standard Propaq travel monitor (A; Welch Allyn; Skaneateles Falls, NY) is mounted 
atop a protective cage (B), which contains a ruggedized Switchback personal computer (PC) 
[Roper Mobile Technology; Tempe, AZ] [37].  These two devices are connected together; 
see text for details.  Right: Bottom view of the cage, showing the exposed 
touch-sensitive screen of the ruggedized Switchback PC.

The APPRAISE software system consists of in-house-developed software for collecting physiological time-series waveform and vital-sign data, which runs on the ruggedized PC.  During patient monitoring, the software system timestamps and stores physiological data received from the monitor.  It then runs, in real time, decision-support algorithms implemented in MATLAB [38], which is a high-level computer language and the de facto standard for digital signal processing, data analysis, and rapid software prototyping throughout engineering and physical science communities, to perform analysis on the collected data.  Any decision-support algorithm that is implemented in MATLAB can be run in the APPRAISE system and will require only a matter of several minutes to install.  As a result of this plug-and-play functionality, it will be relatively feasible to deploy our system in additional arenas in which Propaq monitors are in use.   


To test the APPRAISE system, as well as any decision-support algorithm it carries prior to their field use, we developed a Propaq emulator, which simulates the transmission and processing of physiological time-series data, such as the ones available in our trauma database.  The emulator transmits data to the PC using the Propaq communication protocol, allowing us to test the functionalities of both the APPRAISE system and any accompanying decision-support algorithm.  One exemplary use of the emulator is to introduce known types of errors in the simulated data, e.g., to mimic situations of short communication break, sudden unexpected hardware interruption, and signal corruption by certain noise, and test whether the entire system can function continuously regardless of these errors.  Most importantly, after actual data have been collected, we can use the emulator to playback the time-series data in a deterministic and simulated environment, so that field failure scenario can be retrospectively examined.  Such functionality is especially important for the development of medical decision-support tools that must work robustly and reliably under chaotic combat field environments. 


5.2
Evaluation of the APPRAISE System

We assessed the performance of the APPRAISE system by simulating the real-time data environment for patients in our database, while running the decision-support algorithms we have created, including the data-reliability and hemorrhage-diagnosis algorithms.  Specifically, we randomly selected 20 patients from the study population with different degrees of data reliability and data length, and ran the Propaq emulator to simulate real-time data transmission and processing.  We compared the input data submitted to the APPRAISE system with what were made available to the decision-support algorithms to verify that data collection was functioning correctly. We also compared the results of the decision-support algorithms with those obtained off-line from a desktop PC.  We were able to perfectly duplicate the algorithms’ results, thus proving that the entire system was performing as intended. 


Our decision-support algorithms were able to perform in real time on the APPRAISE system.  The average algorithm execution time, including estimating vital-sign data reliability, vital-sign feature extraction, and ensemble classification, was 16 s, and the maximal time was 34 s for the randomly selected 20 patients.  This performance test supports the prospective use of diagnostic decision support as frequently as every minute.  In case any individual algorithm’s execution time exceeded one minute, the algorithm would execute at the next available time slot, or immediately if two time slots had already been skipped.  These results ensure that our decision-support algorithms can be readily deployed for real-time applications.

6.0
PROSPECTIVE FIELD VALIDATION

We have just started the initial phase of the prospective validation of the APPRAISE system, which integrates field data collection and decision support in a single small unit, for hemorrhage diagnosis.  We have obtained institutional review board approval from the Massachusetts General Hospital (MGH) and the U.S. Army (Fort Detrick, MD) to perform a prospective field trial of our APPRAISE system and related decision-support algorithms in acute trauma patients en route to MGH via Boston MedFlight helicopters.  

7.0
CONCLUSION 

We have developed a system in which data from standard vital-sign monitors are used as diagnostic indicators of major hemorrhage, incorporating cutting-edge, real-time artificial intelligence classifier algorithms that provide decision support for trauma casualty care.  Our algorithms’ retrospective performance, expressed as the area under an ROC curve was 0.85, which falls within a “good” classifier range.  An AUC of 0.85 can be interpreted to mean that, applying our algorithm to two subjects, one from each outcome class, the subjects will be accurately classified 85% of the time [39].  The algorithms used only conventional apparatus, avoiding the need to train thousands of clinicians to use novel instrumentation, and they are applicable to 99% of the field patients who present any available vital sign.  Such capabilities are not fanciful: we are currently field-testing these algorithms during the transport of civilian trauma casualties using the APPRAISE system.  

The APPRAISE system we developed offers the ability to rapidly insert a novel decision-support algorithm into actual clinical operations.  This provides major benefits.  First, algorithm developers can get rapid feedback on any new algorithm.  Because algorithm development can be challenging, it is essential to run real-world tests and make multiple iterative improvements.  The system promotes iterative design cycles with minimal expense and time.  Second, the system can simultaneously compare competing analytic strategies and algorithms at the same time.  Such head-to-head comparisons will promote good technologic approaches and identify inferior ones, so that future development resources are invested appropriately.  Finally, in the future, the system can be modified to accept and process novel investigational sensors and provide output of the decision-support algorithms to medics in real time.  Ultimately, the system should illuminate the capabilities and limitations of standard vital signs for decision support and offer a benchmark against which novel sensors and approaches should be compared.  

Given the initial successful development of the APPRAISE system for hemorrhage diagnosis, we plan to accelerate and expand the scope of our program’s activities in the near future.  Our objective is to deliver a complete, integrated suite of automated decision-support tools for assessing the need for life-saving interventions of trauma casualties due to: (1) major hemorrhage, (2) respiratory compromise, (3) traumatic brain injury, and (4) overall mortality.  We will apply novel signal-processing techniques that correct unreliable physiological signals (reliance on noisy data significantly impairs algorithm performance, as discussed above), build statistical models that can be used for prospective diagnostic applications, and integrate the technologies we have developed, i.e., integration of data-reliability, data-correction, and multiple diagnostic algorithms, into a single, integrated software application.  The system will be a fully functional, clinically validated prototype that can be provided to an industry partner for full productization.  In doing so, we will also possess the infrastructure necessary for further testing of commercial implementations of these technologies.  Ultimately, our work will establish the full extent of what can be done with the monitoring capabilities in widespread use today, so the U.S. Army can better evaluate other novel technologies and promote promising new sensors while disregarding those that are no more useful than standard vital signs.  
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Abstract 


Hemorrhage is a major cause of soldier death, particularly in the first hour of injury. Seriously injured soldiers must be quickly identified and appropriate resuscitation techniques applied. Currently available vital sign measurements are inadequate for this task. In previous swine and human studies we have demonstrated that muscle oxygen measurements respond rapidly to internal bleeding and that muscle pH can be used to assess severity of injury and adequacy of resuscitation. We have developed a prototype patient monitor which noninvasively and continuously determines muscle oxygen and pH. We sought to determine whether the application of this noninvasive trauma monitor in a human model of progressive, central hypovolemia by lower body negative pressure (LBNP) would provide an early indication of impending hemodynamic instability. Methods: Healthy human volunteers (30) underwent LBNP in 5 min intervals of -15, -30, -45, and -60 mm Hg, then increasing by -10 mm Hg to presyncope. Mean arterial pressure (MAP), heart rate (HR), arterial oxygen saturation via pulse oximetry (SpO2), stroke volume (SV) and total peripheral resistance (TPR) were measured continuously and noninvasively throughout the study. Muscle oxygen saturation (SmO2) and muscle pH (pHm) were determined noninvasively from near infrared spectra which were corrected for interference from skin pigment and fat. For each LBNP level the last 3 minutes of data were averaged for all variables. For each parameter, linear mixed model analysis was used to determine the first level of LBNP that could be distinguished statistically from baseline (p< 0.05). Results & Discussion: SmO2 and SV significantly decreased during the first LBNP level (-15 mm Hg) whereas HR, MAP and SpO2 were later indicators of impending cardiovascular collapse. SmO2 declined in parallel with SV and inversely with TPR, suggesting, in this model, that SmO2 is an early indicator of reduction in oxygen delivery through vasoconstriction. Muscle pH decreased later in the progression of central hypovolemia, suggesting an imbalance between oxygen delivery and demand. Conclusions: Spectroscopic determination of SmO2 is noninvasive and continuous, and provides an early indication of impending cardiovascular collapse resulting from progressive reduction in central blood volume, demonstrating changes earlier than standard vital sign measurements (MAP, HR, SpO2). This technology has the potential to help combat medics quickly and accurately triage casualties and monitor patients during lengthy transport from combat areas. On-Going Developments: The monitor has been miniaturized to a 58 g solid state sensor with the future capability of continuous, wireless transmission of SmO2, pH and hematocrit values.

1.0
Introduction


Trauma and severe hemorrhage remain the most frequent causes of death in the 1-44 year age group in both the civilian and military settings 
 ADDIN REFMGR.CITE 
[1-3]
. Early recognition of the severity of shock and prompt institution of appropriate resuscitative measures are widely believed to improve outcome and decrease the progression to multi-system organ failure by virtue of maintaining end-organ perfusion. Routine clinical parameters such as arterial blood pressure, heart rate (HR), mental status and urine output, as well as hematocrit levels, are often late indicators of the true extent of metabolic derangement during hypovolemic shock. In a study on HR variability and its association with mortality in pre-hospital trauma patients, Cooke and co-workers demonstrated that HR, arterial oxygen saturation (via pulse oximetry) and arterial blood pressure were poor predictors of outcome [4]. Hence, there exists a need for noninvasive, continuous monitoring of parameters that can provide an early indication of central hypovolemia. 


The physiological response to hemorrhage includes significant vasoconstriction to help maintain adequate perfusion pressure to vital organs. In swine models of hemorrhage, this can be observed as an early, rapid and significant decrease in peripheral and splanchnic oxygenation 
 ADDIN REFMGR.CITE 
[5,6]
 as blood is shunted to the heart and brain. Based on this known physiological response, noninvasive assessment of muscle oxygen can provide a significantly earlier indication of blood volume loss than the standard vital sign measurements.


Near infrared spectroscopy (NIRS) is in wide clinical use for the determination of arterial oxygen saturation or pulse oximetry (SpO2), which provides information on pulmonary gas exchange. When blood flow to the peripheral muscles is decreased, an increase in oxygen extraction is reflected in a reduction in muscle oxygen saturation (SmO2) [5] and muscle oxygen tension (PmO2) [7] both of which can be determined noninvasively with NIRS. It is also possible to determine muscle pH (pHm) using NIRS 
 ADDIN REFMGR.CITE 
[7,8]
. In swine hemorrhage, tissue pH is significantly more sensitive to shock than measures of arterial and venous pH [6], and depressed tissue pH is strongly associated with negative outcomes [9]. From a practical standpoint, NIRS instruments can be made small and portable, allowing them to be used for rapid, noninvasive patient assessment both inside and outside the hospital.


In experiments conducted at the US Army Institute of Surgical Research, we used lower body negative pressure (LBNP) to create central hypovolemia as a model for pre-shock hemorrhage, and demonstrated that SmO2 and PmO2 were very early indicators of central hypovolemia for a small group of subjects [10]. Muscle oxygen was found to be significantly different from normal values at levels of simulated blood loss which were less than that detected by changes in standard vital sign measures such as HR, blood pressure and SpO2. In this model we also demonstrated a significant reduction in pHm when muscle oxygen reached a critically low level. In the current paper we report the results from a larger group of subjects studied under the same protocol. 


The NIRS monitor that was used in the LBNP study is too large and fragile for immediate battlefield and civilian pre-hospital applications. We have undertaken an effort to convert the fiber optic laboratory system to a totally solid state spectroscopic monitor targeted for field and pre-hospital use. 

2.0
methods


2.1
Protocol


All procedures and risks associated with the study were explained to the research subjects and their voluntary written informed consent was obtained. With the use of a neoprene skirt designed to form an airtight seal between the subject and the chamber, the application of negative pressure to the lower body (below the iliac crest) results in a redistribution of blood away from the upper body (head and heart) to the lower extremities and abdomen. This model provides conditions of controlled, experimentally-induced hypovolemic hypotension, offering a valuable method for investigating monitoring devices such as NIRS. 


Each subject reported once to the laboratory for a progressive LBNP protocol. The subject was first instrumented with noninvasive devices to measure HR, blood pressure, SpO2, stroke volume (SV), arterial blood pressure, SmO2, and pHm. The LBNP protocol consisted of a 5-min baseline period followed by 5-min of chamber decompression to -15, -30, -45, and -60 mmHg, and additional increments of -10 mmHg every 5 min until either the onset of cardiovascular collapse or the completion of 5 min at -100 mmHg. Cardiovascular collapse was defined by one or a combination of the following criteria: (a) a precipitous fall in systolic blood pressure (SBP) >15 mmHg, and/or a sudden bradycardia; (b) progressive diminution of SBP <70 mmHg; or, (c) voluntary subject termination due to discomfort from pre-syncopal symptoms such as sweating, nausea, dizziness or grey-out. At the onset of cardiovascular collapse the chamber vacuum was released to ambient pressure in order to rapidly restore blood flow to the central compartment. To assure subject safety, an ACLS-certified physician was present in the laboratory building during all LBNP tests.

2.2
Hemodynamic Measurements


Continuous HR was measured from a standard electrocardiogram (ECG). Beat-by-beat SBP and diastolic blood pressure (DBP) were measured noninvasively using an infrared finger photoplethysmograph (Finometer® Blood Pressure Monitor, TNO-TPD Biomedical Instrumentation, Amsterdam, The Netherlands). The Finometer® blood pressure cuff was placed on the middle finger of the left hand which, in turn, was laid at heart level. Oxygen saturation was measured using pulse oximetry (BCI Capnocheck Plus; Smiths Medical, Waukesha, WI). 


While the Finometer® is capable of determining SV and total peripheral resistance (TPR), superior accuracy in this setting has been observed with the thoracic bio-impendance technique [11]. Beat-to-beat SV was measured noninvasively using thoracic electrical bio-impedance with an HIC-2000 Bio-Electric Impedance Cardiograph (Bio-Impedance Technology, Chapel Hill, NC, USA). Cardiac output (Q) was calculated as the product of HR and SV, and TPR was estimated by dividing MAP by Q.


Hemodynamic data were sampled at 500 Hz and recorded directly to data acquisition software (WINDAQ, Dataq Instruments, Akron, OH, USA). Analysis of data was subsequently accomplished using commercially-available analysis software (WinCPRS, Absolute Aliens, Turku, Finland). Data presented for each of these parameters represent the average values taken over the last 3 min of baseline and each LBNP level.

2.3
Noninvasive Determination of SmO2, PmO2 and pHm


SmO2, PmO2 and pHm were determined noninvasively using a NIRS monitor developed jointly by personnel from the Anesthesiology Department of the University of Massachusetts Medical School (Worcester, MA, USA) and Luxtec Corporation (West Boylston, MA, USA). This spectroscopic technique was previously validated for individual heart surgery patients against invasive PO2 and pH sensors inserted into the hypothenar muscle [7]. The pHm technique was validated across multiple subjects during handgrip exercise [12]. The NIRS system used in this study employed additional mathematical preprocessing techniques to correct spectra for variation in skin pigmentation, fat and muscle optical properties prior to the calculation of SmO2, PmO2 and pHm. These techniques are necessary to allow one calibration equation for each parameter to be used for all subjects. The optical sensor collected NIR reflectance spectra from deep within the forearm muscle (flexor digitorum profundus) every ~20 sec. The spectra were then processed with calibration equations contained in a dedicated computer. SmO2, PmO2 and pHm were simultaneously calculated from each spectrum, displayed as a trend and stored on a hard drive contained in the system.


Light was collected with 2 sensors contained in the same housing. One sensor collected light which illuminated only the skin and fat layer. The second sensor collected light which illuminated the skin, fat and muscle layer. Mathematical processing removed the light reflected from the skin and fat, leaving only the absorption spectrum of muscle [13]. Removal of spectral interference from skin pigmentation and fat is critical to determining absolute chemical concentrations from muscle spectra. A detailed description of the SmO2 calculation and its validation has recently been published by Yang et al [14]. PmO2 was calculated from the SmO2 determination. The same absorption spectra were also processed by the computer to calculate pHm. A second calibration equation is contained in the computer and used to calculate pHm from spectra which were corrected for subject-to-subject differences in muscle fiber structure [15]. The calibration equation was developed prior to this study in separate experiments where corrected spectra were statistically related to invasive measurements of interstitial fluid pH to produce the calibration equation 
 ADDIN REFMGR.CITE 
[7,12]
. 


The light output of the system was assessed with 3 NIST-traceable reflectance standards (Avian Technologies, LLC, Wilmington, OH, USA) with nominal values of 2%, 50% and 99%, prior to use on each subject to allow for determination of the absolute values of SmO2, PmO2 and pHm [16].

2.4
Statistical Analysis

Values for NIRS measurements and hemodynamic parameters are presented as the mean ± 1 standard error of the mean (SE). Data from all the noninvasive sensors were collected continuously. For each LBNP level, the last 3 min of data for each measured parameter were averaged to provide a single value for that level. 


Each measured parameter was analyzed using a linear mixed model analysis of variance with a first order autoregressive covariance structure to determine if there was a significant variation during progressive LBNP. This type of analysis takes into account the repeated nature of the experimental design. If statistical differences were found, Bonferroni-corrected comparisons with baseline measurements were performed to determine the first level of LBNP that could be distinguished statistically from baseline (p < 0.05). Statistical analysis was performed using SPSS (Version 14.0, SPSS Inc., Chicago, IL, USA).

3.0
results


Complete datasets were obtained from twenty-seven (27) of the thirty (30) subjects who entered the study. Figure 1 shows that as LBNP increased there was a near linear decrease in stroke volume. Changes in mean arterial pressure (MAP) and HR during the progressive LBNP protocol are illustrated in Figure 2. Significant decreases in MAP were observed at a negative pressure of 60 mmHg, while HR was slightly more sensitive with a significant increase in HR observed at -45 mmHg. While the data is not shown, SpO2 never changed significantly from baseline.
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Figure 1: Stroke volume during LBNP. Mean ± SE for all subjects (N=27). Negative pressure is increased progressively from baseline (0). * levels significantly different from baseline, p <0.05.
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Figure  2 :  (A) Mean arterial pressure (MAP) and (B) Heart Rate during LB NP. Mean ± SE for all subjects (N=27).  Negative pressure is increased progressively from baseline (0). * levels significantly different from baseline, p <0.05.  
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Figure 2: (A) Mean arterial pressure (MAP) and (B) Heart Rate during LBNP. Mean ± SE 
for all subjects (N=27). Negative pressure is increased progressively from 
baseline (0). * levels significantly different from baseline, p <0.05.

Figure 3 shows changes in the NIRS derived parameters during LBNP. SmO2 decreased continually during LBNP with a significant decrease occurring at the first level of negative pressure, 15 mmHg. A significant decrease in pHm was observed at -45 mmHg.
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Figure  3   (A) NIRS - determined muscle oxygen saturation (SmO 2 ) and (B) and muscle pH (pHm) durin g LBNP.  Mean ± SE for all subjects (N=27). Negative pressure is increased progressively from baseline (0). * levels  significantly different from baseline, p <0.05.  
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Figure 3 (A) NIRS-determined muscle oxygen saturation (SmO2) and (B) and muscle pH 
(pHm) during LBNP. Mean ± SE for all subjects (N=27). Negative pressure is increased 
progressively from baseline (0). * levels significantly different from baseline, p <0.05.

Figure 4 illustrates the relationship of SmO2 with stroke volume (A) and with total peripheral resistance (B). There was a strong linear relationship between SmO2 and SV (R2 = 0.92) and an equally strong inverse linear relationship between SmO2 and TPR (R2 = 0.96).

[image: image4.emf]F i gure  4:   (A) Linear relationship between SmO 2   and stroke volume at each LBNP level. (B) In verse linear  relationship with total peripheral resistance.   Mean ± SE for all parameters.  
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Figure 4: (A) Linear relationship between SmO2 and stroke volume at each LBNP level. (B) 
Inverse linear relationship with total peripheral resistance. Mean ± SE for all parameters.

4.0
discussion


This study confirmed the findings of our initial publication which documented the results from the first ten subjects of this series [10]. Both studies demonstrated that muscle oxygen determined noninvasively with a novel NIRS methodology, was correlated with SV, and was one of the earliest indicators of progressive central hypovolemia in human volunteers. The reductions in SV, SmO2 and PmO2 were apparent at an LBNP level that represented an estimated blood loss of only 400-500 ml [17]. Perhaps more importantly, reductions in muscle oxygen were detected much earlier than the standard clinical measures of HR and BP. A further finding from these studies is that a small but significant decrease in noninvasively measured pHm was observed near the same time as an increase in HR. 


The observation that decreases in SmO2 proportionately tracked the progressive fall in SV throughout the course of the LBNP protocol was observed with the first ten subjects and the correlation is equally strong with the addition of seventeen more subjects to the data set. This relationship suggests that the noninvasive SmO2 measurement is a sensitive marker of reduced cardiac output and delivery of blood to peripheral tissues during central hypovolemia. Likewise, the inverse linear relationship between SmO2 and TPR implies that skeletal muscle vasoconstriction and a subsequent reduction in local tissue blood flow in response to central hypovolemia is a major cause of reduced regional oxygen in this laboratory model. These observations are consistent with the work of Fadel et al who simultaneously measured relative changes in forearm oxygenated hemoglobin plus myoglobin, blood flow, and vascular conductance during LBNP between -10 and -50 mm Hg [18]. These authors showed strong correlations between NIRS changes and both blood flow and vascular conductance. Our work demonstrates that there is an inverse relationship between NIRS-determined tissue oxygenation and TPR from the earliest levels of hypovolemia to the point of presyncope.


It has been known for many years that one of the earliest compensatory mechanisms in hemorrhage is sympathetically-mediated reflex vasoconstriction [19].  During hemorrhage, vasoconstriction is heterogeneous throughout the body, predominantly affecting skeletal muscle and splanchnic circulations to redirect blood flow to the heart and brain 
 ADDIN REFMGR.CITE 
[20-22]
. Our results complement a previous suggestion that progressive LBNP simulates the acute hemodynamic responses occurring during the early stages of hemorrhagic shock [4]. One of the novel aspects of the current study is the demonstration that noninvasively determined skin and fat corrected SmO2 can be used as an indication of this diversion of blood from the skeletal muscle [19], suggesting that it may be an early indication of hemorrhagic shock. 

Figure 3B shows that pHm declined slowly until there was a large change in oxygen delivery, as evidenced by considerable reductions in SV and SmO2. This can be seen more clearly with data from one subject, shown in Figure 5. Here pHm is plotted as a function of muscle PmO2 for the same subject. As negative pressure increased, PmO2 decreased, however, pHm remained stable until a critical level of PmO2 was reached, indicating that there was insufficient oxygen available to meet the tissue’s metabolic demand. We previously demonstrated a similar relationship between tissue pH and tissue PO2 in swine liver during hemorrhagic shock [6]. In this animal study, measurements of tissue pH and PO2 with invasive sensors demonstrated a breakpoint (PO2crit) where pH began to decrease after tissue PO2 had decreased to 22.3 ± 3.8 mmHg (linear model) [6], a value similar to that observed in this human study. These data provide evidence that LBNP causes a tissue metabolic disturbance (i.e., muscle dysoxia in the forearm) similar to that observed during actual bleeding.
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Figure 5: Relationship between muscle pH (pHm)  and muscle oxygen tension (PmO 2 ) for one human  subject undergoing LBNP protocol.  




Figure 5: Relationship between muscle pH (pHm) and muscle oxygen 
tension (PmO2) for one human subject undergoing LBNP protocol.

5.0
on-going work


We have demonstrated a noninvasive technique for the determination of SmO2, PmO2 and pHm in a clinical laboratory model that simulates hemorrhage in humans. SmO2 and PmO2 were found to be early indicators of a reduction in oxygen delivery, most likely resulting from increased vasoconstriction to shunt blood from the skeletal muscle to the heart and brain. Muscle pH begins to decrease only when oxygen levels are significantly reduced, suggesting that the decrease in pHm may signal the onset of dysoxia in the muscle tissue. This noninvasive, continuous technique lends itself to monitoring critically ill patients at risk for hemodynamic instability.

While noninvasive and portable, the NIRS system used in this study employed large, cumbersome fiber optic cables. Fiber cables are fragile and the system required daily recalibration to compensate for on-going fiber breakage. Additionally, two separate cables were required, one cable for measurement of muscles with thin overlying fat layers (< 7mm) and a different cable for muscles with thicker overlying fat layers (> 7mm). This system is not suitable for operational military environments.


Reflectance Medical has recently developed a prototype for a solid state version of this NIRS sensor (Figure 6). The tungsten light source in the fiber optic system is replaced by a set of broadband light emitting diode (LED) arrays in the solid state system. The fiber system’s grating spectrophotometer is replaced with a custom, fully solid state spectrophotometer with dimensions 1mm x 8mm. The fiber optic cables are completely eliminated and the sensor’s optical elements are placed directly on the skin. 
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Figure 6: (A) Reflectanc e Medical prototype solid state NIRS sensor for simultaneous determination of SmO 2   and pHm; (B) placed on subject , running off   handheld computer.  




Figure 6: (A) Reflectance Medical prototype solid state NIRS sensor for simultaneous determination of SmO2 and pHm; (B) placed on subject, running off handheld computer.

The sensor, composed of a single circuit board, weighs under 60 g and is approximately 2” x 4” when housed. The sensor contains a set of “short distance” LEDs to collect light from skin and fat layers as well as a set of “long distance” LEDs to collect light from skin, fat and muscle layers. The muscle spectrum is generated by mathematically removing the skin and fat spectral information collected with the short distance LEDs from the spectrum collected by the long distance LEDs [13]. One bank of short distance LEDs and one bank of long distance LEDs are selected automatically to accommodate a wide variety of skin pigment and fat thickness. The system is operated by a handheld, touch screen computer.


Preliminary human studies with the prototype solid state system showed equivalent performance with the fiber optic system. Evaluation of the solid state sensor in the laboratory (LBNP) and clinical setting (high blood loss orthopaedic surgery) have recently been initiated.
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Abstract

The utilization of wireless technology in traditional medical services provides patients with enhanced mobility. This has a positive effect in the recovery speed of a person after major surgical procedures or prolonged illness. Ultra wideband (UWB) radio signals have inherent characteristics that make them highly suitable for less invasive medical applications. This paper surveys our recent research on UWB technology for medical sensing, imaging, and localization. The interconnection of multiple wireless sensors that constitute a medical body area network (WBAN) is also described. Research perspectives in the aforementioned topics are suggested too.


1.0
INtroduction

In the last years there has been an increasing interest in using ultra wideband (UWB) technology for wireless communication interfaces [1]. The IEEE 802.15.4a standard has adopted UWB as one of the interfaces for robust low data rate transmission in wireless personal networks (WPANs) with precision ranging capabilities [2]. UWB signals have an inherent noise-like behaviour due to their extremely low maximum effective isotropically radiated power (EIRP) spectral density of –41.3 dBm/MHz. This makes them difficult-to-detect and robust against jamming, potentially rescinding the need for complex encryption algorithms in tiny transceivers. Owing to these characteristics, UWB has emerged as a solution for the radio interface in low data rate medical wireless sensor networks (WSNs) [3]. Additionally, UWB signals do not cause significant interference to other systems operating in the vicinity and do not represent a threat to patients’ safety [4]. Impulse radio (IR) transceivers have simple structure and very low power consumption, which facilitates their miniaturization [5]–[7].

A promising application of UWB as wireless interface is in the field of capsule endoscopy. A capsule endoscope is a camera with the size and shape of a pill that is swallowed in order to visualize the gastrointestinal tract. They originally were devised to transmit still images of the digestive tract for subsequent diagnosis and detection of gastrointestinal diseases. Nevertheless, real-time video imaging of the digestive tract is feasible using an UWB radio interface [8]. Although capsule endoscopy is an invasive technique, it provides the patient with more comfort than traditional endoscopy and colonoscopy. Capsule endoscopy has demonstrated the ability to detect diseases in the small intestine in cases in which other techniques cannot [9]–[11].

Besides being used as wireless communication interface, UWB technology has many other possible applications in healthcare systems [12]. For instance, the IR-UWB radar has the potential capability to detect, noninvasively, tiny movements inside the human body [13]. It is entirely possible to monitor cardiovascular physiological parameters using movement detection of the aorta [14] or other parts of the arterial system. Such parameters include heart rate (HR), respiration related motion, blood pressure (BP), etc. Due to the architecture of the UWB radar, it is feasible to use the same transceiver for both radar sensing and IR-UWB communications [7].

Imaging of surface and more deeply located structures such as breast tissue for cancer diagnosis is another promising application of UWB technology [15]–[21]. This has the potential of taking over the role of X-Ray mammography. The great advantage will be the absence of ionizing radiation, which poses a certain cancer risk when used repeatedly. In the same vain, UWB imaging has the potential to be used in diagnosing skin cancer as it can provide information of morphological and physiological changes in the dermal tissues.

The rest of the paper is organized as follows: Section 2 provides a summary of our current research on UWB invasive and noninvasive medical sensing; an overview of UWB imaging for early breast cancer detection is also included. Section 3 consists of a short overview of sensor localization techniques in a wireless body area network (WBAN). Section 4 describes the network architecture to interconnect noninvasive and invasive sensors using UWB radio interfaces. Finally, our conclusions are summarized in Section 5.

2.0
medical sensing and imaging using uwb technology

This Section presents a summary of our research on medical sensing, both invasive and noninvasive. The temporarily-invasive sensing technique that we are currently pursuing is the use of UWB for the communication link of a capsule endoscope system. Immediately after the capsule endoscope description, a feasibility study for noninvasive BP measurements using UWB radar is presented. A survey of UWB imaging for early breast cancer detection is included; research perspectives in each field are suggested.

2.1
Capsule Endoscopy

Traditional medical practice for the diagnosis of patients with disorders such as unexplained anal bleeding, Crohn's disease, Celiac disease, and intestinal tumours relies on the insertion of flexible tubes containing cameras to examine parts of the digestive tract. This technique, however, can examine the upper portion of the digestive tract only, while colonoscopes help to visualize the lower part (colon). There is a large portion (approx. 6 meters) of the small intestine that cannot be inspected with these traditional techniques. Capsule endoscopes help to fill this gap with less discomfort for the patient. 

State-of-the-art capsule endoscopes are swallowed with water, after which the patient put a recorder belt on his/her waist. Some hours later (typically eight), medical staff look for abnormalities by reviewing a video created from the still images transmitted wirelessly from the capsule endoscope to the recorder belt. Adding the capability to transmit and analyze video in real time can provide further flexibility and advantages to the current technology. This additional capability, however, might increase the complexity of the circuitry and hence the power consumption of the capsule endoscope. The power consumption of a capsule endoscope must be as low as possible, on the order of 1 mW, with a mandatory small physical size on the order of 300 cubic millimetres. Transmitting real-time video requires a high data rate communication link, on the order of 73.8 Mbps for uncompressed VGA data. All these requirements are hard to achieve using narrowband (NB) systems that operate in the medical implant communication systems (MICS) frequency band of 402–405 MHz. In contrast, UWB technology has the potential to fulfil them all.

2.1.1
Communication System Architecture

UWB communications can be implemented using multi-band orthogonal frequency division multiplexing (MB-OFDM), direct-sequence spread spectrum (DSSS) and impulse radio. The MB-OFDM and DS-UWB transceivers need frequency carriers for up-and down-conversion of the baseband signal. Therefore, a frequency synthesizer is necessary, which increases the complexity and power consumption of the system.  IR-UWB, on the other hand, directly modulates the information bits with extremely short-duration pulses. Since the pulse occupies a large bandwidth (no less than 500 MHz), it can be directly emitted without using carriers or any intermediate frequency (IF) processing, greatly reducing the system complexity and the overall power consumption and size [22]. A capsule endoscope communication system includes an in-body transmitter and an on-body receiver with its corresponding blocks for synchronization and base-band processing.

2.1.1.1
In-Body Transmitter

Due to limitations at the in-body transmitter including power consumption, size, system cost and complexity, its communication architecture must be as simple as possible (Figure 1).
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Figure 1: UWB Transmitter Block Diagram for a Capsule Endoscope System.

A pulse generator provides the UWB pulse that is subsequently modulated, amplified and transmitted. The shape of the transmitted pulse determines the signal bandwidth. We use the fifth derivative of a Gaussian pulse to cover a bandwidth of approximately 1–5 GHz. The power spectral density (PSD) of the transmitted pulse is shown in Figure 2.
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Figure 2: PSD of the Transmitted Gaussian Pulse (Fifth Derivative), the Averaged PSD of 
In-Body Channel Realizations, and the Fitted Second Derivative Gaussian Pulse Signal.

The generated data from the electro-optical circuitry of the capsule endoscope can be processed for data compression and coding or can be directly modulated without further processing thus simplifying the transmitter architecture. The modulation is performed by changing the characteristics of the generated pulse. We consider the bi-phase pulse amplitude modulation (BPAM) scheme, in which the data bits are expressed by the polarity of the transmitted pulses. The resulting signal is then amplified and transmitted. The transmitter antenna must cover the entire frequency range with little pulse distortion. The design of a compact UWB antenna for the in-body transmitter is a challenging task that has opened a new field of research activities [23].

2.1.1.2
On-Body Receiver


For the on-body receiver we propose a novel architecture, which uses a single branch correlator (including a multiplier and an integrator) for recovering the transmitted signal. The block diagram of the receiver is depicted in Figure 3.
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Figure 3: UWB Receiver Block Diagram for a Capsule Endoscope System.

The UWB antenna at the receiver can be placed on the skin or at some distance away. By placing the receiving antenna on the body surface, the nonradiative near-field components can be collected by the antenna thus improving the link quality significantly. We have found an improvement of 6 dB due to near-field coupling in UWB in-body links [24]. The practical implementation of the receiver antenna requires a special antenna structure since it must cover a relatively wide body area (abdominal torso). Commonly, a spatial-diversity antenna array around the torso is embedded in a recorder belt, which is worn by the patient while the capsule endoscope operates. A less invasive receiver can be attained by placing the antenna at some distance away the skin; in such case, extra free-space path loss is added and the near-field coupling gain is lost. However, a high-gain antenna can be used to compensate for a portion of these losses. For example, a double ridged horn antenna structure with coverage of the whole abdomen area can be considered.

The low noise amplifier (LNA) increases the power of the received pulses to a suitable level for signal processing and to overcome noise in subsequent electronic stages. The data are subsequently recovered by the correlator. The correlation operation can be implemented in either analog or digital circuits. Using an all-digital receiver requires highly sophisticated receiver processors with an analog-to-digital converter (ADC) with sampling rate of 2 or 4 times that of the pulse bandwidth and resolution of 4-6 bits. A hybrid analog and digital receiver can reduce the system complexity and cost by decreasing the sampling rate and resolution of the ADC [25]. Although an analog solution is prone to suffer from desensitization and other third-order distortions caused by nonlinearities in the electronic circuits, the use of state-of-the-art high-linearity UWB electronics in 0.18 (m CMOS technology [26], [27] can reduce this problem almost completely. Hence, for simplicity we ignore the effects of circuitry nonlinearities. The correlator output is then sampled and the ADC converts the analog demodulated signal into digital form. The digital baseband circuitry provides control for the clock generation, synchronization, and data processing.

One might think that the receiver can take advantage of multipath signals by creating a bank of correlators (Rake receiver structure). This idea has been applied to IR-UWB links in dispersive channels with large number of correlators and more complicate system. However, the imperfect correlations resulting from distorted received pulses reduce the system performance. An optimal way to correct this problem is using a template-match detection technique that performs a matched filter operation with a series of template waveforms. However, the system complexity increases significantly and channel estimation is required. Hence, we propose using a single branch correlator with an optimized pre-defined template that guarantees maximum energy recovery. The associated delay of the template is adjusted so that maximum correlator output at one branch is generated. The short root-mean-square (RMS) delay spread of in-body channels (on the order of 1 ns) [28] enables this simple architecture.

The design of the pre-defined template depends on the propagation channel characteristics. By multiple electromagnetic (EM) simulations of UWB signals propagating through the abdomen, the normalized average PSD of the “digestive” radio channel was obtained (see Figure 2). The second derivative of a Gaussian pulse can approximate fairly well the radio channel PSD and therefore is chosen as the pre-defined template. It is important to mention, however, that this template pulse choice is optimal for the ideal case that we considered so far in which the antenna effects were disregarded. Taking into account the antenna effects would have a considerable impact on the optimal template. In such case, the EM simulations must include the particular antenna specifications in order to select the most appropriate template for any other specific design.

2.1.2
Performance Evaluation


The maximum correlator output is attained under the synchronization scheme described in [29]. Considering the received distorted signal as 
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The average bit-error-rate (BER) performance (averaged over 90 arbitrary link realizations) for different templates in an additive white Gaussian noise environment is compared in Figure 4. The worst performance is observed using the fifth derivative of the Gaussian pulse as template. The reduced BER performance reveals significant distortion of the transmitted pulse while propagating through the body tissues. The best BER performance is obtained for the second derivative, which collects more signal energy from the distorted pulses. For a typical BER of 10–3, a mismatch loss of 5 dB is observed with respect to the ideal case. Using the first and the third derivatives provide almost similar BER performance.
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Figure 4: Averaged BER Performance Using Different Templates.

2.1.3
Research Perspectives

Additional simulations [29] have demonstrated the feasibility of transmitting information at very high data rates (up to 100 Mbps) with the communication architecture described above. These results encourage research toward the improvement of our current design. A major further step in capsule endoscopy will be the development of a full-duplex communication link. This means integrating not only a transmitter but also a receiver (transceiver architecture) in the capsule endoscope. This will allow transmitting external commands (movement, optical focus on specific areas, etc.) to the capsule endoscope thereby adding more control and flexibility to the device. The same transceiver can be used to remotely control microrobotic multifunctional endoscopic devices, capable of performing several diagnostic and therapeutic operations such as biopsy, electrocautery, laser microsurgery, etc. with a retractable arm [30]. The Interventional Centre (IVS) in Norway, http://www.ivs.no/, is currently pursuing the establishment of international cooperation for the design and implementation of such UWB transceiver, which represents a big challenge in nanoelectronics and antenna technology.

2.2
Blood Pressure Measurement

Noninvasive measurements of BP exist such as sphygmomanometer, photoplethysmograph [31], tonography [32], and pulse transit time [33]; however, they all rely on peripheral measurement points. This may constitute a problem in certain situations such as when flow redistribution to central parts of the body (heavy injury, temperature) degrades these measurements; another situation where central measurements may prove advantageous is in the presence of strong movement of the peripheral locations, which affects pressure measurements [34].

An interesting overview of the use of radar for medical applications can be found in [35], which traces research in the field back to the late 1970s. It seems that renewed interest has been spurred following the micropower impulse radar in the mid-1990s [36], which combined UWB pulses with very low power, small size, and low system cost. The research into medical sensor applications include apexcardiography, heart rate, respiration rate, heart-rate variability, blood pressure pulse transit time (peripheral locations) and associated applications such as through-rubble or -walls vital signs detection [35]–[37].

The use of radar techniques to measure BP may draw upon ideas from these fields, as well as from ground penetrating radar (GPR), yet is sufficiently different to merit a specific approach; in particular, the complexity of geometry and stronger attenuation compared with early detection of breast cancer and as for heart and respiration rate measurements, which are essentially based on shallow reflections.

Estimating BP using radar techniques is necessarily indirect; pressure only affects propagation through the geometry unless it affects material EM properties, which is not expected. In the case of the aortic BP, two effects may relate aorta diameter (geometry) to its pressure:

· Using the linear relationship between percentage changes in instantaneous BP and diameter, shown for carotid artery pressure in [38];

· Estimating the elasticity of the aorta (local compliance or incremental elastic modulus) and relating this to BP [33], [34], [39] without being explicit with respect to the functional relationship.


In both approaches, the radar-based method will aim at detecting the aorta walls and estimate the diameter as a function of time, 

[image: image19.wmf](


)


t


d


.

2.2.1
Feasibility Study

From a medical point of view, central measurements are better than peripheral ones. Therefore, we pursue the measurement of BP through movement detection of the aorta. In order to understand the principles of using UWB radar to measure aorta diameter variations, a simple model was constructed for EM simulations [14]. Our model combines a voxel representation of the human body with the material dielectric properties proposed in [40]. It is based on a 2D simplified geometry: a cylinder of diameter d (representing the aorta) immersed in a lossy medium (Figure 5). The lossy medium approximates average living tissue dielectric properties, except for the skin and aorta, the properties of which are taken from [40]. Further details of the model and the EM simulations can be found in [14].

With diameter variations on the order of 2 mm, a set of simulations with aorta diameter ranging from 20 mm to 26 mm in steps of 0.4 mm were conducted in a simulation space with a resolution of 0.1 mm. The current source signal in the simulations was the seventh derivative of a Gaussian pulse with energy centred around 4.5 GHz. This relatively high-order derivative was mainly used for compensating, to a certain extent, the frequency-dependant attenuation in the simulations.


The analysis of the resulting transfer function and the time-domain echoes led to the conclusion that the backscattered signal from the aorta contains necessary information for distinguishing front and rear walls of the aorta thereby making the estimation of its diameter feasible. However, due to strong attenuation in living tissues, feasibility is essentially hinged on a viable power budget. In the simulations, an upper bound on received power in the 0.8–5 GHz range shows a 40 dB loss at the lower end increasing to about 120 dB at the upper end where material loss is dominant.
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Figure 5: 2D Simulation Model for Aorta’s Diameter Estimation.

2.2.2
Research Perspectives


There are several tradeoffs involved in achieving BP measurements with UWB radar: high-frequency content versus SNR at the receiver as tissues generally severely attenuate the signals; high-frequency versus resolution (and signal-to-clutter reduction) for the same reason. Hence, our current research effort is focused on identifying a criterion for the best selection of bandwidth and centre frequency. Another key issue that needs to be addressed is whether the use of an antenna array may improve measurement, and if so, how much and in which way should this best be implemented. Potentially, the use of an array introduces spatial selectivity and may improve the signal-to-clutter ratio.

Our ongoing research toward the demonstration of BP measurements using UWB radar is focused on the construction of a physical phantom model for estimation of the aorta diameter with sets of static measurements. This will allow for direct comparison between theoretic and practical results. 

HR, respiration rate, and heart movements recording have already been proved feasible using IR-UWB radar [41], [42]. Several other possible medical applications of UWB radar include ambulatory cardiac output monitoring, blood vessel movement recording, blood pressure celerity measurement, and shock diagnosis in emergency patients. Similar technology can obviously be applied to pneumology and polysomnography for apnoea monitoring in infants, obstructive sleep apnoea monitoring, allergy and asthma crisis monitoring, etc. The application of UWB radar in obstetrics as a replacement for ultrasound has also been proposed [13], but this idea has been looked upon cautiously because of the great concern regarding radiofrequency (RF) safety for the newborn. Nevertheless, UWB radar can offer the medical staff and patients several advantages over ultrasound, such as noncontact operation, no need for cleaning after use, remote and continuous operation, lower cost, and easier operation. Intensive research will verify the subsequent clinical viability of UWB radar and acceptability of the technique.

2.3
Early Cancer Detection


Breast cancer continues being one of the main causes of women death; therefore, early detection of cancerous tumours increases the possibility of successful treatment and survival. Although a large number of detection methods are available, X-Ray mammography is currently the most widely used [43]. Nevertheless, despite its ability to provide high resolution images, this method suffers from high false-alarm rate and the incapability to distinguish between malignant and benignant tumours [44]. Additionally, the ionizing radiation used for imaging damages surrounding tissues and, overall, it is a painful and uncomfortable experience for the patience. In recent years there has been an increasing interest in using high-resolution UWB radar for early breast cancer detection based on microwave imaging. This technology has the potential to overcome in a cost-effective way the limitations of X-Ray mammography.

UWB radar medical imaging involves transmitting an extremely short pulse through the breast tissues and then records the backscattered signal from different locations. The basis for detecting and locating a cancerous tumour is the different dielectric properties of healthy and malignant breast tissue. Healthy tissue is largely transparent to microwaves, whereas tumours, which contain more water and blood, scatter them back to the probing antenna array [18].

Preliminary results have been reported using near-field tomographic image reconstruction (TIR) [45], confocal microwave imaging [46], space-time beamforming [47], generalized likelihood ratio test based detection [48], and time-of-arrival (TOA) data fusion method [17]. Until recently, the tumour detection capabilities of various imaging techniques are evaluated through finite-difference time-domain (FDTD) methods [16]. Different phantom models for EM simulations have been proposed in the literature.

2.3.1
2D Breast Phantom Models

In [16] a 2D canonical breast model with average dielectric properties is proposed. The various tissues are considered nondispersive and the skin layer is omitted. As depicted in Figure 6, the model is a semicylinder centred at the origin with radius 
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Figure 6: A Canonical 2D Breast Phantom Model.

Reported values for this model are 
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A model that considers specific tissues properties is presented in [20], but with a much simpler planar geometry (Figure 7) that is aimed to represent the naturally flattened breast when the patient is oriented in a supine position [46].
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Figure 7: Geometry Configuration of the Planar Breast Structure.

The top surface of the structure is the 2 mm thick skin, the bottom part is the 20 mm thick chest wall; in between is the fatty breast tissue with a gland inside, and a 6 mm diameter tumour is assumed embedded in the breast. The dielectric properties of these tissues are listed in Table 1.

Table 1: Relative Permittivity and Conductivity of Breast Tissues [20].


		

		Relative Permittivity, (r

		Conductivity, ( (S/m)



		Fatty tissue

		9

		0.4



		Skin

		36

		4



		Glandular tissue

		11–15

		0.4–0.5



		Chest wall

		50

		7



		Tumour

		50

		4





The glands are modelled as circles with 10 mm radius or ellipses with 15 mm and 6.7 mm for the long and short axis, respectively.

2.3.2
3D Breast Phantom Models

The previous 2D phantom models are suitable for fast simulations used in feasibility studies. In order to test and compare the performance of recent UWB imaging techniques more realistic 3D models are required. Below is the description of two 3D models that have been recently published.

In [21] a simple hemisphere shape model with the most common dimensions is proposed (Figure 8). The breast diameter is 100 mm, the breast height is 60 mm, the skin thickness is 2 mm, and the chest thickness is 20 mm. The dielectric parameters of this model are summarized in Table 2, which are slightly different to those in Table 1. The tumour size ranges from 2 mm to about 15 mm or more, but 2.5 mm is the most commonly used value.
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Figure 8: A Simple Hemispherical Brest Model.

Table 2: Relative Permittivity and Conductivity of Breast Tissues [21].


		

		Relative Permittivity, (r

		Conductivity, ( (S/m)



		Fat

		5.14

		0.14



		Skin

		37.9

		1.49



		Chest

		53.5

		1.85



		Tumour

		50

		1.20





A more sophisticated model that includes randomly placed mammary glands is presented in [49] and extended in [50] (Figure 9). In this model, the glands are modelled as spheres with a radius between 8.5–12.5 mm and cylinders with radius between 2–18 mm and height between 12–27 mm. The tumour is modelled as a sphere with a diameter between 2–6 mm, embedded inside a gland, as this is the case for tumours in real life.

[image: image41.emf] 


z  


x 


y  


Tumour  


Fat  


Skin  


Chest  wall  


  


Glands  


Nipple  




Figure 9: A Comprehensive Hemispherical Brest Model.

The base diameter of the breast is considered to be 140 mm and the skin is a 2 mm thick layer. The chest wall is a prism of 160×160×20 mm. The glands are randomly scattered throughout the fat tissue and resemble real-case fibro-glandular tissue. Ducts can be added by assuming a cylindrical shape with a realistic configuration as shown in [50]. The electrical parameters for the different tissues considered in this model are summarized in Table 3.

Table 3: Relative Permittivity and Conductivity of Breast Tissues [50].


		

		Relative Permittivity, (r

		Conductivity, ( (S/m)



		Fatty tissue

		9.8

		0.4



		Skin

		34.7

		3.89



		Fibro-glandular tissue

		21.5

		1.7



		Ducts

		37.96

		4.5



		Chest wall

		55.56

		6.5



		Nipple

		45

		5



		Tumour

		50

		4





2.3.3
Research Perspectives


The feasibility of using UWB imaging techniques for the early detection of breast cancer has been proved in the multiple research works cited above. Recent results demonstrated the capability of detecting tumour sizes down to 2 mm in diameter [49], [50]; detection and accurate location of a 2.5 mm diameter tumour with 100% and 94.4% rate, respectively, were reported in [21]. These optimistic results encourage the improvement of the current UWB detection systems by optimizing the shape and amplitude of the transmitted pulses as well as the antenna design in order to increase the energy of the backscattered signals. Novel antenna topologies [50] might enable the development of ultra-sensitive diagnostic pouches around the breast thereby revolutionizing the breast cancer detection techniques. Nevertheless, future experiments need to be done on a standardized phantom model of the breast in order to assure fair comparison of different imaging techniques. To the best of our knowledge, the phantom model proposed in [50] (and its simplified version in [49]) is the most comprehensive one available in the literature and could be adopted as the reference model. The use of UWB images techniques can be combined with IR-UWB radar for the detection of morphological and physiological changes in the dermal tissues for skin cancer diagnosis too.

3.0
sensor localization and tracking using uwb signals

In many medical sensing applications, such as capsule endoscopy, the precise location of the sensor must be known for its data to be meaningful. The location of medical sensors in a WBAN must be estimated with millimetre-scale resolution. Localization in WSNs has been actively studied and several methods have been reported [51]–[55]. The dominant received-signal-strength-indicator (RSSI) technique consists in simply estimating the node distance by measuring the strength of the received signal. In a WSN, the distance to neighbouring nodes using RSSI is determined and then, by multiangulation or triangulation, relative localization of a specific node can be found and updated dynamically. Iterative algorithms exist to improve precision with increasing population of nodes [46]–[58]. Precision is, however, very poor with this method.


Several studies indicate that time-of-flight (TOF) measurements, combined with the good temporal resolution of IR-UWB, may improve precision. Measurements on the order of millimetres are reported in [51], but such method is not yet available in miniaturized, single-chip technology. In medical WBANs, minimal size is pivotal especially for devices operating inside the human body. Current localization technologies for WSNs have several shortcomings for medical applications. As computational resources and power are limited in medical in-body sensors, difficult trade-offs between power emission, transmission bandwidth, and sensitivity must be resolved.

State-of-the-art 3D localization/tracking systems in the millimetre-scale have been reported in [59], [60]. In [59] a robust localization system is demonstrated using a DSSS transmission at 24 GHz with a bandwidth of 3.12 GHz. Although object tracking with an uncertainty of 0.1 mm is achieved by using a Kalman filter, the system’s operation frequency is unsuitable for in-body transmissions due to the extremely high attenuation through living tissues at that part of the spectrum. A more convenient localization/tracking system for indoor WBANs that provides accuracy in the 1–10 mm range is described in [60]. This is achieved by transmitting a 300 ps Gaussian pulse, which is modulated by an 8 GHz carrier signal. In this system, the time-difference-of-arrival (TDOA) technique [58] is used and therefore four base stations are used for 3D localization. Due to its final dynamic accuracy of 5.86 mm and static accuracy of 3.86 mm obtained in a series of experiments, the system has been lauded as a milestone in UWB and wireless positioning systems.

3.1
Research Perspectives


UWB positioning technology demands extremely high speed signal processing with significant power efficiency. Furthermore, medical WBANs require miniature devices at low power consumption. Finding the best compromise between size, power, and localization accuracy is a major challenge. The so-called continuous-time binary value (CTBV) signal processing paradigm has demonstrated high speed sampling (>30 GHz). This might enable the implementation of novel accurate range measurement techniques such as the active echo paradigm [61], [62] for high precision localization of in-body sensors.

The active echo paradigm is based on TDOA using TOF measurements. This approach assumes that an EM token is actively returned with a known and possibly short delay (slave echo). When calculating TOF between two sensor nodes, the slave delay may be compensated for. This approach helps to tackle the problem of high attenuation of backscattered signals by human tissues that would exist in a passive echo radar approach. With EM waves travelling at the speed of light, high-speed sampling is required for good precision. An active echo engine (AEE) microchip can be integrated into on-body sensor radio transceivers, which can function as localization base stations, or can be used independently as a localization radar embedded in a recorded belt for a capsule endoscope system. If the AEE is combined with an IR-UWB communication transceiver, some basic circuits may even be shared.

However, in all the cases described so far, the complexity of body tissue introduces significant uncertainty to TOF estimations. Accurate knowledge of the propagation mechanism in different parts of the body is necessary in order to compensate for the difference of TOF measurements at different base stations caused by the different dielectric properties of the human tissues. This requires intensive simulation campaigns to determine the TOF variations in propagation through living tissues with respect to the free space.

4.0
wireless body area network

The integration of on-body medical sensors, in-body sensors, and UWB radars into a single network requires a carefully planned architecture in order to guarantee proper operation without mutual interference between the different devices. The Federal Communication Commission (FCC) has allocated the 3.1–10.6 GHz frequency band for UWB communications in the United States [63]. It is important to notice, however, that a large part of this spectrum is strictly regulated in Europe and might not be available for new UWB radio systems. According to European regulations [64], [65] only the 6–8.5 GHz part of the spectrum is readily available for UWB transmissions with a maximum EIRP spectral density of –41.3 dBm/MHz without the use of interference mitigation techniques. Transmissions with the same spectral density are allowed in 3.4–4.2 GHz and 8.5–9 GHz for devices implementing the detect-and-avoid (DAA) mitigation technique. Beyond December 31, 2010, the 4.2–4.8 GHz portion of the spectrum can be used if both DAA and low duty cycle (LDC) transmissions are implemented. This section provides a description of a viable communication configuration of a wireless body area network (WBAN) using UWB radio interfaces in the different allowed portions of the spectrum in Europe.

4.1
In-Body Sensor Interface


Our recent research on radio propagation inside the human body [28] reveals higher signal attenuation at higher frequencies. For instance, Figure 10 shows the average power density of several UWB signals below and above 1 GHz, respectively. The graphic was obtained by EM simulations of UWB signal propagating through the human chest. Both vertical polarization (VP) and horizontal polarization (HP) with respect to the standing body were considered. Notice that the 1–5 GHz signals are more severely attenuated than the 0.1–1 GHz ones. At higher frequencies the attenuation is even more severe.
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Figure 10: Average Power Density as a Function of Depth inside 
the Chest for Different Frequency Bands and Polarizations.

Since miniaturization and power consumption are the toughest design constraints for in-body sensors, the signal attenuation through living tissues must be the minimal possible. Therefore, the 3.4–4.8 GHz frequency band seems to be the most appropriate for these devices [66]. Although the regulations request the implementation of DAA and LDC in this portion of the spectrum, it is very unlikely that radio signals radiated from inside the human body at extremely low power can cause interference to other NB systems. In the case of full-duplex links, DAA and LDC can be implemented in the on-body transceiver where more complex circuitry can be afforded.

4.2
On-Body Sensor Interfaces

On-body medical sensors (motes) operate on or in very close proximity to the patient’s skin (typically less than 2 centimeters). The communication requirements for on-body sensors are less stringent than in-body ones’. Typical data rate requirements for common medical sensing devices are given in [3]. It appears that electromyography (EMG) sensing is the most throughput-demanding (up to 1500 kbps) of the most common medical applications. However, it is important to note that continuous EMG monitoring is not necessary as is the case of electrocardiogram (ECG) and electroencephalogram (EEG). The former has a raw data rate requirement of 10–100 kbps whereas the former has 10–200 kbps. Conventional motes can benefit from UWB technology by having their NB communication radio interface replaced by an IR-UWB transceiver. Currently, the IEEE 802.15.6 task group (http://www.ieee802.org/15/pub/TG6.html) is in the process of standardizing the characteristics of the UWB wireless interface for both on-body and in-body medical sensors. Independently of the standardization process, we have identified the 6–8.5 GHz spectrum portion as highly suitable for on-body sensors operation. Even more, the only portion of the UWB spectrum readily available worldwide is 7.25–8.5 GHz [65]; therefore, we strongly recommend adopting this frequency range for commercially standardized IR-UWB on-body transceivers. This will spare the implementation of DAA, thus keeping a low complexity of the motes’ electronics. On-body channels are more prone to experience fading and larger RMS delay spread than in-body ones [67], thus an IR-UWB 7.25–8.5 GHz interface is expected to support low data rate only.

4.2.1
Relay Nodes


Because of the complex geometry of the human body, it is likely that some on-body nodes require the relaying of their data when a single-hop link cannot be established because of extremely high signal attenuation. A relay node (RN) fulfils this task using the same IR-UWB 7.25–8.5 GHz on-body interface. However, it is possible to include relaying capabilities in each mote’s transceiver to ensure the establishment of multi-hop links whenever is required.


4.2.2
Gateway Nodes 

In-body sensors will necessarily have their data relayed to a network controller for processing and displaying. This special relaying node has to be placed on the patient’s skin (or very close to it). We refer to it as a gateway node (GN). A GN has special communication architecture because it must support two different (in-body and on-body) wireless interfaces. Depending on the kind of data transmitted by the in-body medical sensor, we can differentiate between low data rate gateway node (LDRGN) and high data rate gateway node (HDRGN). As mentioned in the subsection 2.1.3, we have demonstrated through simulations [29] that a high data rate in-body link can be established using IR-UWB. Therefore, the same IR-UWB 3.4–4.8 in-body GHz interface can be used to communicate an in-body sensor with its corresponding GN for either low or high data rate transmissions. However, the IR-UWB 7.25–8.5 GHz on-body interface supports only low data rate for data relaying (as mentioned above). Therefore, a LDRGN is any RN that supports both IR-UWB 3.4–4.8 GHz in-body and IR-UWB 7.25–8.5 GHz on-body interfaces for low data rates. In the case of a capsule endoscope with real-time video transmission, the on-body relaying interface must support high data rate transmissions. The ECM-368 interface [68], based on MB-OFDM, can support 480 Mbps at distances of up to 3 meters and 110 Mbps at up to 10 meters. The ECM-368 band can occupy the 6–7.25 GHz and 8.5–9 GHz, which roughly translates into subbands 7, 8, and 11, of the 14 ones in which the UWB spectrum is divided according to the ECM-368 standard. Therefore, a HDRGN supports both IR-UWB 3.4–4.8 GHz in-body and ECM-368 6–7.25/8.5–9 GHz on-body interfaces for high data rates. Since DAA is required in 8.5–9 GHz, this band should be occupied mainly for temporary transmissions such as capsule endoscopy and imaging.

4.3
Network Controller and Patient Monitor

The information collected by the low data rate sensors is gathered by a device referred to as WBAN controller (WBANC). The sensors are connected to the WBANC following a simple star network topology using the IR-UWB 7.25–8.5 GHz on-body interface (Figure 11). The WBANC, which can be devised as a personal digital assistant (PDA), executes a medium access control (MAC) algorithm to ensure that all the sensors transmit their information in an organized and fair way. For in-home healthcare, the WBANC can display several basic vital signals such as HR, BP, SpO2, etc. For in-hospital healthcare and surgery, a computer is used to process the information collected by the WBAN and other high data rate devices such as imaging radars and capsule endoscope systems. This computer is referred to as patient monitor (PM) and also displays the patient’s physiological signals in a friendly manner. The WBANC and the imaging radars are connected to the PM using the ECM-368 radio interface.
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Figure 11: Network Topology of the On-Body WBAN.

As for in-body sensors, their GNs are connected either to the WBANC or directly to the PM depending on the information they transmit. LDRGNs are connected to the WBANC using the IR-UWB 7.25–8.5 GHz on-body interface whereas HDRGNs are connected to the PM through the ECM-368 interface (Figure 12). It is clear that the circuitry complexity of a HDRGN is high, which has a negative impact on its size; however, high data rate in-body sensors are expected to be used temporarily and generally during in-hospital healthcare (real-time capsule endoscopy session, for instance), hence the on-body device size is less critical in this case.

4.4
Research Perspectives


The network architecture presented above avoids mutual interference between the communication interfaces of the different medical WBAN components. Nevertheless, there are some interference issues that need to be addressed. The medical UWB radars used for sensing, imaging, and localization occupy generally a large portion of the spectrum too. While their communication interface has been specified, we still need to find the optimal frequency bandwidth for the pulses that are transmitted in the radar operation. This is not a trivial task, as several trade-offs must be considered (see subsection 2.2.2) together with the interference issues. Currently, the experiment medical radar used in our HR/BP research operates in 0.5–3 GHz; however, this frequency range covers very crowded frequency bands such as mobile telephony, so we plan on moving it within 3.1–10.6 GHz. For this sake, the inherent capability for frequency agility of the ECM-368 interface can be exploited. The core of any OFDM transceiver is an inverse/direct fast Fourier transform (IFFT/FFT) engine. It has been demonstrated that the FFT engine can be effectively used as a spectrum analyzer with a frequency resolution of 4.125 MHz thereby facilitating the implementation of DAA algorithms [69], [70]. The EM coexistence with other radio systems such as WiMAX has to be evaluated through spectrum monitoring in the frequency ranges assigned to WBAN interfaces.  The demonstration of a cognitive [71] medical WBAN is being pursued by our research group, and the Interventional Centre and the Norwegian Unuversity of Science and Technology (NTNU) are active in the COST Action IC0902 efforts towards the definition of a European platform for cognitive radio and networks (http://w3.cost.esf.org/index.php?id=110&action_number=IC0902). 
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Figure 12: Network Topology of the In-Body WBAN.

5.0
conclusions

Ultra wideband technology has many potential applications in medicine for less invasive medical diagnosis and monitoring. The UWB radar can potentially be used in novel noninvasive sensing and imaging techniques owing to its high temporal resolution for detecting backscattered signals. We have described our current research on the application of this technology to noninvasive measurement of blood pressure. The state of the art in UWB imaging for early breast cancer detection was also surveyed since it is a very promising application that can be extended to the detection of cancer in other parts of the body. Another application of UWB radar is the accurate localization of objects in the millimetre scale. This is particularly important for the real-time tracking of moving medical sensors that operate inside the human body such as capsule endoscopes.

The other aspect of UWB is its use as low-power-consuming wireless interface. Particularly, impulse radio seems to perfectly fit the communication requirements of tiny medical sensors, including in-body ones. Our research in this area was presented through the case study of a capsule endoscope system.  Additionally, medical sensors and radars can be interconnected using UWB interfaces thereby enhancing the mobility of patients during surgery or intensive therapy. We described the integration architecture of all these systems into a single wireless body area network. One major issue to consider while interconnecting several medical devices using UWB radio interfaces is the possibility of mutual interference with other systems that already operate in the 3.1–10.6 GHz frequency band. Therefore, new interference avoidance techniques and frequency agility such as cognitive radio have to be investigated. 

The two aspects of UWB technology (radar and wireless interface) for medical applications are being investigated in Norway by the MELODY Project (http://www.melody-project.info/); MELODY stands for “medical sensing, localization, and communications using ultra wideband technology.” The ultimate objective of this project is the improvement of current wireless health systems and the possible development of novel medical applications through UWB technology.
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abstract

Infectious diseases are among the most common diseases in missions abroad. Their diagnosis requires special procedures and expertise, both provided by the microbiological field laboratories. In order to support the diagnostic process by means of telemedicine, a modification of the standard telemedical workstation, i.e. a module “telemicrobiology” with special equipment, camera and software, has been designed and validated. This module, meanwhile installed in six operational theaters, has stood the test in routine practice. It enables the transmission of high-quality static images of microscopic specimens or overgrown nutrient media in a matter of seconds. The telemedical inclusion of experts into diagnostic analysis improves diagnostic specificity by avoiding false positive results and, particularly in medical parasitology, allows a treatment-essential diagnosis without dispatch of specimens to Germany. In bacteriology, telemicrobiology allows the control of the entire diagnostic process by the expert workstation even with a mere technical staff on site.


1.0 
Infection medicine and infection diagnosis in theater


Soldiers in missions abroad are at greater risk of infection for several reasons. They are, for example, particularly exposed to infectious animals, such as mosquitos or rodents, acting as reservoir hosts and vehicles or vectors of pathogenic organisms. The supply of food and drinking water is a critical field decisively determining the incidence of gastrointestinal infections. Sexually transmissible diseases are of great importance as well. According to experience, a considerable percentage of the deployed troops falls under the risk exposure rate. The individual disposition for infections may be increased by stress and high physical strain. The incidence of wound infections primarily depends on the mission profile. With bacterial infections, depending on the country of deployment, also unusual resistance behavior of the pathogens will occur because numerous infectious pathogens – e.g. pathogens of respiratory infections – spread extremely well within the military community living in cramped conditions. In missions of the US Forces in the recent years, well-documented with respect to epidemiology, the weekly incidence of infectious diseases was always one of the highest numbers when compared to other diagnosis categories with the gastrointestinal and respiratory infections – differing in predominance – always forming the highest number in statistics. The incidence of infections by local endemic infectious pathogens has to be expected as well. Of course, this especially applies to the local population getting medical treatment, as required, within the scope of humanitarian assistance. Moreover, the endemic infectious diseases of the respective country of origin have to be taken into consideration when giving medical support to soldiers of friendly forces. Infection medicine, as an interdisciplinary field affecting numerous special clinical fields, as well as infection epidemiology are primarily based on the laboratory diagnosis of the microbiological field laboratories.


According to the guiding principle of the Surgeon General, Bundeswehr and Chief of Staff, Medical Service, the soldiers, when suffering from disease, injury or wound in missions abroad, are entitled to high-quality medical support achieving results equivalent to those obtained by a treatment in Germany. This result-oriented guiding principle does not necessarily means a one-to-one transference of the medical practice in Germany to the country of deployment. In general, the conditions on site would not permit such an approach especially not in technically sophisticated special fields – which include medical microbiology. Thus, in the specific situation of the mission abroad, the special field relies on methods taking the technical feasibility into consideration as well as the objective requested by the guiding principle. The operation of the field laboratories is based on a pool of personnel which, for reasons of sustainability, requires a considerably greater number of specialists than those working in specialized microbiological facilities. This inevitably results in the fact that – depending on the individual specialization – the required special expertise in all sections of microbiology (bacteriology, virology, parasitology) cannot always be present on site. For these reasons, in large parts of the diagnostic field, in the past the time-consuming transportation of specimens to Germany was the only possibility to make specialized microbiological expertise available also in missions abroad well. Thus, the objective of a project initiated in the Central Institute in Coblence in 2003 was to evaluate to what extent telemedical procedures are suitable for rapid mission support in medical microbiology. This was a new approach since telemedical technology has been validated only once for this special field up to now in a very limited field of application, i.e. the transmission of microscopic photographs/images of Gram specimens only (McLaughlin et al, 1998).


This is a report on the establishment and implementation of a specific module “telemicrobiology”, 
a variant of the telemedical workstation (TW) introduced into the Medical Service as well as on the validation results and the application experience gained in daily routine practice.


2.0
Telemedicine in missions abroad


Telemedicine means the “execution of medical tasks by using electronic teletransmission for the transfer of medical data“. In general, the transmitted data are images. According to another definition, telemedicine is the “use of information and communication technologies to make medical services available irrespective of location and time“. The Bundeswehr Medical Service already uses telemedical applications in various fields. At present, more than one hundred TWs are in service. They are located in the medical facilities of seagoing vessels as well as in field hospitals, mobile surgical hospitals or medical centers. Experience has been gained especially with applications in the special fields of surgery, radiology, dentistry or dermatology. The German Aerospace Center (Deutsches Zentrum für Luft- und Raumfahrt = DLR, Cologne) ensures the technical support in the field of telemedicine.


2.1
The Microbiologcal Field Laboratory in Missions Abroad

The important role of the laboratory in an operating scenario is undisputed in international military medicine. One of the consensuses developed during the Military Public Health Laboratory Symposion held in Washington in 1999 was that rapid access to the state-of-the-art diagnosis of infectious diseases is necessary at all levels of military health services, i.e. also in missions abroad (Gaydos, 2000).


Besides the diagnoses oriented to individual treatment with the aim to come to quick therapeutic decisions, surveillance with the aim to identify outbreak situations at an early stage to be able to rapidly implement actions interrupting the infectious chain, is at least of equal importance.


After all, the laboratories represent the lowest diagnostic level of microbiological defense. Therefore, they have to be in the position where they do not overlook the incidence of infectious diseases by potential B agents and/or are able to produce findings suspecting such agents; their verification would then be the duty of experts in biological defense.


Due to technical sophistication, the realization of clinical-microbiological diagnoses in missions abroad is subject to certain limits. The microbiological field laboratory is housed in a standard container or a medical facility with built-in laboratory devices, e.g. including a laminar airflow cabin, Class 2. The technical equipment is suitable to conduct three groups of methods including various microscopic procedures to verify bacteria, especially acid-proof rod-shaped bacteria, for malaria diagnosis and to verify parasites in stool or tissue. The culture techniques deal with the non-selective culturing of bacteria from variable investigational materials, the selective cultivation of enteritis pathogens as well as the antimicrobial sensibility test. In serology, enzyme immune tests and immunofluorescence tests can be conducted. As of last year, within the scope of the field laboratory standardization and quality assurance concept, we have established the possibility to conduct rapid immunochromatographic analyses on a larger scale.


2.2
Options of Telemedical Mission Support in Medical Microbiology

In general, telemedical applications are based on image transmission techniques. Therefore, in the field of medical microbiology, all techniques suitable for visual assessment and, thus, for image transmission are potentially suitable for telemedical evaluation. This means the assessment of microscopic preparations, bacteriological cultures and – in rare cases – also of macroscopic objects (e.g. excreted worms or worm components, Ectoparasites). In culture bacteriology, the control of the entire sequence of the diagnostic process is primarily based on such visually evaluable findings. The typical appearance of colonies grown on nutrient media, for example, is used to decide on further diagnostic steps (e.g. preparation of stained microscopic specimens, application of a biochemical identification system. In parasitology, a definitive diagnosis can already be made in most cases by microscopy alone. For this reason, this specific field is extremely suitable for telemedical support.


2.3
Technical Concept of the TW Module “Telemicrobiology”


In addition to the standard equipment of a TW, comprising a PC and the standard periphery, special auxiliary equipment, comprising a standard substage microscope with fluorescence device, a plate microscope as well as two cold-light sources for illumination of the nutrient media plates to be photographed, was defined for medical microbiology with respect to the telemedical options described above. Both microscopes are provided with adapters for the high-resolution digital onechip camera with 1360x1024 image points to take static images. By means of this camera, a live image can be displayed on the monitor, which can be optimally adjusted by the investigator prior to taking the image. Moreover, the special image processing, transmission and archiving software (DISKUS) of Messrs. Hilgers is used which was developed especially for this type of image transmission and which has predominantly been used in histopathology so far. The software in the background automatically controls the establishment of a link and the standardized image transmission while the investigator continues microscoping and taking images. The transmission per image takes about 10 - 30 seconds. The software ensures an absolutely identical image display at the transmitting and the receiving end (WYSIWYG principle) which makes it possible to discuss structures of interest in the teleconference by using a superimposed coordinate grid. Prior to taking the image, the luminocity and brilliance settings of the live image can be adjusted with respect to. Marking and labeling is possible as well. The co-transmission of the adjusted lens magnification enables automatic measuring operation at the receiving end, e.g. measuring the diameter of an inhibiting areola in millimeters simply by drawing a graphical line between the desired measuring points with the mouse. Furthermore, the program provides other useful image processing and discussions tools.

2.4
Validation of the TW Module “Telemicrobiology”


2.4.1
Quality of Images

First, the display quality of essential morphological characteristics was assessed using microscopic and macroscopic images from bacteriology and parasitology. When taking images of overgrown nutrient media, the obtainable resolution of the images arriving at the receiving end permitted the fine detail display of all essential colony properties, such as surface characteristics, hemolysis behavior, color, etc. In microscopic diagnosis, the display of parasitological structures, such as intestinal protozoa or worm ova, was brilliant. In malaria diagnosis, all parasite details required for species diagnosis were transmitted perfectly. This was the case e.g. with the Schüffner’s granules of erythrocytes for a plasmodium vivax infection (malaria tertiana) and also with the delicate cytoplasm of the signet rings of plasmodium falciparum. The display of bacteria in Gram specimens was excellent as well, though bacteria no doubt are the smallest objects still displayable with satisfactory sharpness at the selected camera resolution.


2.4.2
Diagnostic System Performance

The diagnostic system performance was tested in several double blind experimental approaches. An independent chief experimental officer presented without further information prepared specimens to the investigators. The medical assistants (usual basic training without expert knowledge) acting as transmitting users had the task to take images of structures characterized as suspicious and to transmit them to the receiving user for their diagnostic assessment. Experts in the respective special fields (bacteriologist, parasitologist) were acting as receiving user. Some of the results of this study are described below.


2.4.3
Malaria Diagnosis

N = 36 specimens (16 thick and 20 thin blood films) were tested with 16 (6 thick and 10 thin blood films) thereof positive and 20 negative. The transmitting user classified 18 specimens as positive. 16 diagnoses were true positive. Two results were false positive. One species diagnosis could not be given.


The expert assessed 16 specimens as positive. All definitive diagnoses were true positive. According to the transmitted images, the receiving user could not differentiate correctly between the diagnosis of malaria tropica and of malaria non-tropica in ten of ten thin blood film specimens. Correct species diagnoses could be given for eight of ten specimens. With the two other specimens, no differentiation between plasmodium vivax and plasmodium ovale could be made; however, even in usual parasitological diagnoses often a clear differentiation is not possible.


2.4.4
Parasitological Stool Diagnosis

40 specimens were examined with n = 90 parasitological findings and/or species diagnoses to be made out. The transmitting user identified 63 findings (70 %) and gave correct species diagnoses in 53 cases (84.1 %). When limiting the evaluation to the clinically relevant (pathogenic) species only, the rate of correct species diagnoses could be increased from 77.4 % (transmitting user) to 88.7 % (expert). The expert detected 68 findings from the transmitted images with all species data being correct. In 50 negative reference specimens, the transmitting user identified in 2 cases suspicious structures not confirmed by the expert.


2.4.5
Liquor Diagnosis

A total of 20 Gram-stained specimens was evaluated to which cells and various bacteria had been added within the scope of preparation. Suspensions in logarithmic dilution series were prepared of each strain of bacteria so that only very few bacteria could be verified in the last degree of dilution. Only one strain per liquor was used. The transmitting user detected 18 of the 20 specimens as positive, 2 as negative. In one case, these were pneumococci in degree of dilution 3, in the other case meningococci in degree of dilution 4. The receiving user confirmed the 18 positive specimens. In 3 cases, the receiving user only wanted to decide after transmission of additional images (e.g. since only sporadic structures were detectable). The receiving user also could not identify bacterial structures in the transmitted images of the false negative specimens.


The morphologic classification of the detected bacteria in rods or cocci, Gram-positive or Gram-negative staining behavior was correct in all 18 cases with the transmitting and the receiving user.


2.4.6
Gram Specimens of Various Materials

20 Gram-stained specimens had to be investigated in this sub-collective. The task was to indicate the predominant germs according to morphologic criteria. A total of 34 germ findings was expected. The transmitting user detected 32 (94.1 %) of the relevant findings while Gram-negative rods were overlooked in two specimens. Based on the transmitted images, the expert detected 33 findings (97 %). In one specimen, corynebacteria were overlooked which had been detected by the transmitting user.


The transmitting user determined 30 negative reference specimens as true-negative. All findings were confirmed by the receiving user (experts) so that the total specificity of the bacterioscopic diagnosis was 100 %.


2.4.7
Gram Specimens from Cultures

A total of 19 Gram specimens were prepared from fresh microbic cultures which had to be microscoped. Again, the task was to characterize the germs according to morphologic criteria (cocci, rods, Gram staining behavior).


The transmitting user was correct in characterizing 18 of the 19 strains (94.7 %). In one case, Gram-negative diplococci were mistaken for Gram-positive cocci. The expert gave a correct interpretation of all 19 specimens (100 %).


2.4.8
Assessment of Overgrown Nutrient Media

26 different strains of bacteria were inoculated onto a total of 40 culture plates (different media). The plates were incubated for 1 to 2 days prior to the test. The transmitting end had the task to depict by means of the reflected light microscope and the cold-light source as much as possible of morphologic details of the culture plates, such as surface of the colonies, hemolysis behavior, swarm behavior etc. and to transmit them to the receiving user. The latter had to assess the colonies and could request by teleconference additional properties, such as odor, from the transmitting user. As a result, the direction of diagnosis had to be determined as it is used in bacteriology as basis for further diagnostic procedures (e.g. indication of several possibilities or group diagnosis coming into consideration).


The hit rate of this test was 100 %, i.e. the correct diagnosis direction was given for all strains.


2.4.9
Validation Results

The main validation objective was to determine the TW contribution to improved diagnosis in medical microbiology under the conditions in missions abroad. An approach simply testing technical characteristics, e.g. by determining the reproduceability at the transmitting and the receiving end, would have been unsatisfactory since the 100 % reproduceability of measuring results does not necessarily reflect the fact that the diagnosis is entirely correct. This would only be the case if other factors, e.g. the expertise of the transmitting user, were only of minor influence on diagnosis. Yet, when transmitting static images in bacteriology and parasitology, the expertise of the transmitting user is of decisive importance for he cannot transmit what he does not notice. The collected data clearly showed this fact. For example, the total sensitivity of diagnosis (number of true positive diagnoses in relation to the number of all detectable diagnoses) was not 100 % but between 72 % and 100 % depending on the sub-collective, thus reflecting the fact that findings not detected by the transmitting user could not arrive at the receiving user either. The expert occasionally detected findings overlooked by the transmitting user, yet, only when they were more or less detectable on the images (e.g. stool specimen with several parasite species but with only one species detected by the transmitting user). The decisive advantage of telemedical support, however, was the considerably higher percentage of correct species diagnoses through expert participation. The fact that only a few clinically relevant findings were overlooked is of great importance as well. In the diagnosis of potentially fatal malaria, all diagnoses were correct. However, without telemedical expert participation, the certain species diagnosis and thus the decisive differentiation between malaria tropica and malaria non-tropica would not have been posible. In liquor diagnosis, the sensitivity of the expert diagnosis was 90 %. It has to be taken into consideration, though, that the conditions were artificial by preparing dilution series of the bacteria; both false negative specimens referred to higher degrees of dilution with only a few germs occurring. Moreover, the cell picture did not correspond to that of bacterial meningitis so that important additional verification was lacking. Microscopic diagnoses in the expert laboratory also rarely yield a sensitivity of 100 %. On the contrary, the values obtained already reflect a high sensitivity. Finally, even the deployment of a medical officer on site would hardly result in a cross-sectional improvement of the values since physicians in general also do not have satisfactory routine experience in all sub-branches of microbiology. Another advantage of telemedical support is that an optimum total sensitivity of 100 % could be obtained in definitive expert diagnosis. The expert could clear away false positive findings or unfounded suspicious findings of the transmitting users. In malaria diagnosis, for two (10 %) suspicious findings in negative specimens by the transmitting ends a negative diagnosis could be made by the expert. This is particularly important considering the fact that the uncertain exclusion of malaria inevitably results in a therapy which would have been false in these cases, not to mention the false epidemiologic situation picture that wight have been induced.


2.5
Experience in Routine Practice

In November 2003, the first telemicrobiology system was implemented in the Field Hospital Prizren (KFOR) where it is operating in daily routine. In October 2004, the installation in the Field Hospital Kabul (ISAF) followed. The implementations with EUFOR (Rajlovac) an ISAF Mazar E Sharif, Kunduz and Feyzabad followed through the years as well as the two hospital-ships. With KFOR, the microbiological field laboratory has one post for a medical assistant, and ISAF has an additional specialist. The focus of the telemicrobiological application with KFOR is on bacteriology. All overgrown nutrient media are assessed by telemedicine, and the further diagnostic process is controlled based on the instructions of the expert. With ISAF, the parasitologic expert support has been the main field of application up to now. It proved to be extremely helpful especially in the diagnosis of endemic parasitoses, such as malaria or leishmaniasis, with several cases of dermal leishmaniasis identified by telemicroscopy. The telemedical link is used every day including the weekend. After establishment of the video conference link, the DISKUS program is started at the receiving as well as the transmitting end, and the current cases are discussed based on the transmitted images. All telemedical cases are recorded by the assessing expert according to a scheme adapted to the microbiological method of operation. With KFOR, the findings photographed by the medical assistant are provided with the note “validated by telemedicine” and the name of the releasing physician. Apart from rare link failures, quickly eliminated with the assistance of DLR, the technical equipment operated without any problem. The satellite capacity was always sufficient to transmit the images to Germany quickly. The lead institute in Coblence offers 24-h accessibility via duty NCO, duty medical assistant and duty physician. The possibility of teleteaching, i.e. the continuous specialized training of deployment forces by the transmission of relevant special information with respect to diagnosis, epidemiology, therapy and prevention of infection diseases, turned out to be a relevant side aspect. The clinicians also have the possibility to contact an expert in Germany by teleconference any time, especially when dealing with problems in antibiotic therapy and epidemiology. The telemedical tool has proved extremely useful in outbreak management as well.

3.0
Telemicrobiology in the overall concept of a laboratory-assisted infection medicine in missions abroad


The module “telemicrobiology” installed in missions abroad after validation has proven successful in practice. The expectations regarding an additional expertise transfer to the operational theaters have been met. In this way, special microbiological expertise can be made available to the clinician in a mission abroad which otherwise would not be available on site. Under specific preconditions, the implementation of telemicrobiology may result in the situation that the functional control is managed from Germany and only medical assistants are required to post the field laboratory. In this way, the maxim of telemedicine “exportation of expertise instead of exportation of experts” has been realized. This is the first telemicrobiology system in routine operation worldwide. The positive experience has already prompted interest from civil organizations and a first decision on the use and procurement of analogue systems.


Nevertheless, it should be noted that telemicrobiology can only be useful in a well-coordinated overall diagnostic system. It is not a replacement but an additional technique and depends on various preconditions including diagnosis standardization so that results which will undergo visual interpretation may be produced on a methodically standardized and established base. Only then, the expert workstation will be able to interpret, validate and release findings. All image-relevant factors, such as staining techniques, nutrient media used, etc. have to be specified in standard work instructions and have to correspond to the diagnostic routine procedures the expert is used to and which are used by the expert workstation; this is the only way to avoid misinterpretations. The deployment personnel has to be prepared by specific training for this standardized methodology. The necessity of specialized preparation for deployments may also be derived from the fact that, in the transmission of static images, the ability of the deployment personnel to detect suspicious structures in microscopic specimens is a limiting factor. This was also an essential conclusion of McLaughlin et al who validated a telemicrobiology system based on the transmission of Gram-stained specimens (McLaughlin et al., 2000). Tthe Central Institute Coblence takes this training requirement into account by conducting a three week course for the specialized preparation for deployments with telemicrobiological procedures playing an important role.


Contrary to telemedical applications in other fields of specialization, medical microbiology does not only comprise advice to those responsible on site (“secondary opinion”) but also the functions controlling diagnosis and the responsible release of medical findings (“primary opinion”). Responsibility and right of control on the part of the expert workstation, however, still require administrative regulation.


Finally, problems which cannot be solved on site due to technical reasons (confirmatory diagnosis, molecularbiological procedures, thorough serology etc.) still require backward diagnosis in Germany to 
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Abstract


This paper focuses on the potential applications of regenerative medicine to include cell and biomaterial-based therapies for treating combat casualties at early echelons.  The intent is to explore and evaluate the potential improvements, such as faster healing and/or greater functional outcome, that can be gained from applications of these medical technologies at the early echelons to include Levels I, II, and III through an evaluation on the current state-of-the-art on wound healing and tissue regeneration technologies.

1.0
introduction

Recent advances in both cell and biomaterial-based therapies warrant a revisit to evaluate these technologies for consideration as advanced medical applications at the early echelons of care given the significant improvements in reducing combat-related mortality for the current conflicts [1-5].  Although advances in medical evacuation typically takes about 4 to 7 days (range 3 to 28 days from point of injury on the battlefield to stateside; mean 8 days) to transport the injured U.S. service members from theatre to the States, the rehabilitation process for the injured Warfighters can be gruesome and takes anywhere from months to years [6-9].  The outcomes could be anywhere from good to limited healing and functions, pending the severity of the injuries and medical treatments available.  


Bringing cell and biomaterial-based therapies that affect tissue healing and regeneration to the early echelons could be a paradigm shift to the casualty care and rehabilitation process and could shorten healing time and result in improved overall outcomes, including faster and greater number of return to duty personnel to the Armed Forces.  The additional 4 to 7 days in transport could delay optimal healing and functional outcomes.  Further, it is known that inflammation plays an immediate role following injuries [10-12].  Thus, it is important to apply cell and/or biomaterial-based therapies at point of injury or within hours of injury to affect the inflammation and healing process such that it could trigger the system to move in a path that will result in healing versus scarring [10, 13].  


This paper examines and discusses a number of advanced cell and biomaterial-based therapies and technologies that could make a significant impact on wound healing and functional outcome if applied at the early echelons.  In addition, these technologies will be limited to those that would be implementable in theatre (i.e. taking into consideration the environment and medical footprint) and include current research and development in: cellular by-products such as cytokines that can be applied topically to burn injuries; controlled cell spray gun for greater than 60% total surface area burns or other tissue injuries; controlled temporal therapeutic delivery devices such as novel wound bed dressing; bioreactor for amputated limbs to regenerate additional tissue and bone for better prosthetic fit (short term goal); cell/biomaterials to regenerate organized complex tissue for addressing injuries due to compartment syndrome; and biomaterials and/or bioreactor to control inflammation and drive the process towards healing.  In addition, farther out technologies to be developed such as combined in vivo bioreactor and extraction of autologous cells device will be discussed.  It is the author’s intention to generate a discussion from the audience on the balance of the possible benefits of bringing these regenerative medicine applications to the early echelons while weighing the associated cost and footprint.  

2.0
tissue repair process


Studies on wound healing, in particular for skin, have been well investigated for more than a century [14].  For simplicity in providing some background material for this paper, only a brief summary on the wound healing process is mentioned since there is an extensive body of research articles and review papers, which the interested reader can learn in greater details about this complex wound repair process [14-16].


When injury to the tissue causes some of the cells to break and die, a wound is created [17].  The resulting injury sends a signal to the body, which then triggers a cascade of biochemical, cellular, molecular, and biomechanical events to initiate wound repair.  The repair process follows a healing pattern that has synchronized, overlapping phases: hemostasis, inflammation, proliferation, and remodeling (see Figure 1) [16, 18].  
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Figure 1: Wound healing pattern shown along with various inflammatory cells.


Within minutes of injury, epinephrine is released into the injury site to minimize bleeding by constricting blood vessels.  Platelets are also released and aggregate to form a fibrin clot to arrest bleeding.  Thrombin induces platelet degranulation, which causes the release of cytokines and growth factors such as platelet derived growth factor (PDGF), transforming growth factor-alpha (TGF-), transforming growth factor-beta (TGF-), and epidermal growth factor (EGF) [10, 15, 16].  Platelet degranulation also serves as a matrix for recruiting inflammatory cells and promotes migration of both keratinocytes and fibroblasts [10, 11, 15].  


During the inflammation phase, which starts one to five days post-injury, neutrophils appear first, followed by macrophages, and then mast cells to remove bacteria, foreign debris, and damaged tissue via phagocytosis, release of free radicals, and secretion of proteases that break down damaged tissue [11, 19-23].  This is nature’s way of debriding the injury site to make a clean wound bed in order for tissue to begin healing.  The macrophages also release more PDGF and TGF-beta, and neutrophils also are a source of pro-inflammatory cytokines that may play a role in some of the earliest signals to activate local fibroblasts and keratinocytes [11].  Neutrophils primarily work to decontaminate the wound through phagocytosis of bacteria and foreign debris as well as through the release of free radicals [22].  Macrophages continue the phagocytosis of pathogens, matrix, and cellular debris including expended neutrophils, and are responsible for stimulating lymphocytes and other immune cells to act on the pathogen [12, 20].  Macrophages also initiate the transition from the inflammation phase to the proliferation phase, where granulation, contraction, and epithelialization occur during skin repair [15, 24].  


The proliferation phase occurs from day 3 to 12 post injury and is responsible for re-establishing the integrity of the epidermis and dermis at the wound site.  The major activities include angiogenesis, collagen deposition, granulation tissue formation, wound contraction, and epithelialization [10, 25].  Fibroblasts, macrophages, endothelial cells, and collagen migrate to the wound bed to form granulation tissue.  As the wound site is filled with granulation tissue, its tissue margin also begins to contract through the action of myofibroblasts using a mechanism similar to that in smooth muscle cells [15].  The extent of contraction depends on the mobility of the surrounding tissue.  Fibroplasia is formed during fibroblast proliferation and collagen deposition and is considered an early stage of matrix remodeling.  This new, provisional extracellular matrix (ECM) is formed when fibroblasts excrete collagen and fibronectin [10].  In parallel, re-epithelialization of the epidermis begins when cells migrate from the wound edge, divide, proliferate and move across the top of the wound bed, and interface one another to seal the wound [11, 26].  Contraction of the wound helps bring the wound margins toward one another and thereby makes for the process of re-epithelialization easier [11].  Re-epithelialization provides cover for the new tissue and occurs only in the presence of viable tissue (i.e. new cells will not migrate across necrotic tissue) [27].  Resident stem cells from the epidermis and the bulge region of hair follicles also participate in this re-epithelialization event [28, 29].  When the wound is near closure, the excess cells undergo apoptosis [21].  


Maturation and remodeling is 21 days post injury and up to 2 years later.  Fibroblasts, matrix metalloproteinases (MMPs), and growth factors are critical during this phase.  In the final phase of healing, the collagen fibers in the scar are reorganized to improve tensile strength.  In normal healing if there are no complications such as infection, by day 21 accumulations of collagen decreases and the balance between the deposition and resorption generally leads to complete tissue healing [16, 18].  


3.0
U.s. military trauma care system for combat casualties


The U.S. military has developed a sophisticated, integrated trauma care system for management and evacuation of casualties starting with care at the point of injury on the battlefield and progressing through increasingly sophisticated levels of care as the casualty is evacuated from the battlefield to the continental United States (CONUS) [30].  This integrated trauma care system consists of five levels, or echelons, of care, in increasing sophistication as the level progresses towards CONUS.  While each branch of the military has the same echelons of care, the care facility name or unit are generally different.  For simplicity, the level of care summarized here is with respect to the Army [30].


The primary goal at Level I care is to provide immediate first aid and lifesaving measures at the point of injury on the battlefield.  This care is often performed by a trained non-medical person, buddy aid, or trained combat lifesaver.  First aid includes tourniquet application, fracture stabilization with splints, and application of sterile dressings to treat open wounds [30].  Surgical capability is limited and the holding capacity is only a few hours.  For casualty who is not able to return to duty within 24 hours, evacuation to the next level of care takes place.  Generally, evacuation proceeds from the battlefield to the battalion aid station (BAS) for Army or a shock trauma platoon for Marine Corps, where a physician or physician assistant could initiate resuscitation and advanced trauma life support.  In some cases when the casualty needs surgical resuscitation, evacuation would be directly to Level II, bypassing the BAS.


At Level II, where the earliest surgical resuscitation can be performed in the military trauma care system, highly mobile Army forward surgical team (FST) is assigned to directly support combatant units in the field. Hence, each unit must be 100% mobile.  At this level, there is a basic lab with radiography capability.  The holding capacity is limited to 72 hours and 30 medical operations without resupply.  Total staff is a 20 person team that includes an orthopaedic surgeon, three general surgeons, two nurses, and additional nursing staff.


Level III care is the first large medical facility in theatre.  The Army combat support hospital (CSH) offers the highest level of medical, surgical, and trauma care available within the combat zone.  CSH, which takes some time to be fully operational, offers 248 beds, lab, radiography, blood bank, physical therapy, 24 intensive care unit, and 2 operating tables.  Trained medical staff includes general surgeons, orthopaedic surgeons, thoracic surgeons, vascular surgeons, obstetrician/gynaecologist, urologic surgeons, nurses, and physical therapist. 


At Level IV, the first echelon where definitive surgical care is offered outside the combat zone can be provided by a CSH or a fixed medical facility pending the situation and the evacuation route.  For the current conflict, Level IV takes place at the Landstuhl Regional Medical Center (LRMC) in Germany.  Patients are held no longer than 72 hours before evacuation to Level V care facility in CONUS.  At LRMC, injuries are furthered evaluated, irrigated, and debrided.  Adjustments to the external fixators are made as needed.  In general, definitive surgical care is only performed for simple closed injuries.  


Level V is the final stop in the medical evacuation chain to one of the major military centers in CONUS (e.g. Walter Reed Army Medical Center in Washington, DC, Brooke Army Medical Center (BAMC) at Fort Sam Houston, San Antonio, TX, or the Naval Medical Center in San Diego, CA) where definitive stabilization, reconstruction, or amputation of an injured extremity is performed.  All burn patients are evacuated to BAMC, the designated Department of Defense burn center.  


4.0
Battlefield injuries, management, and treatments


4.1
Battlefield Injuries


Management and treatment of battlefield injuries resulting from the current conflicts will no doubt challenge surgeons, clinical researchers, and biomedical engineers, and change both military and civilian trauma management and treatments.  In the current conflicts, several factors lead to traumatic war injuries not seen in previous conflicts.  One is the enemy combatants’ use of rocket-propelled grenade (RPG), mortars, rockets, land mines, and in particular improvised explosive devices (IED) [31, 32].  Second is the advances in armor technology including body armor and “up-armored vehicles;” while decreasing mortality from most blast injuries and gunshot wounds that were not survivable in past wars, the armor technology exposes the extremities (e.g. face, neck, and limbs) to devastating deadly forces that often result in increasing incidence of augmented severity, complexity, and poly-trauma injuries [7, 33- 41].  These include burns, vascular injuries, fractures, long bone defects, large-fragment wound to the extremities, and mangled extremities that in some cases are beyond recognition, see Figures 2 and 3 [6, 7, 34, 40-42].  The other factors include forward surgical team, which enables surgical resuscitation to be performed within the combat zone, rapid medical evacuation, and intense training of combat personnel [30, 38, 43].   


As of January 22, 2010 the total number of Warfighters wounded in action (WIA) that have not returned to duty in Operation Iraqi Freedom (OIF) and Operation Enduring Freedom (OEF) are 13,910 (~44% of WIA) and 2,811 (~58% of WIA) respectively [33].  Most injuries resulting from gunshot wounds, blunt trauma, and explosives accounting for the majority, are to the extremities and involve the musculoskeletal system [7, 31, 32, 35, 37, 38, 40, 41, 44-47].  The severity and complexity of war injuries are significantly different than most civilian trauma, and in particular war injuries are often dirty (e.g. contamination with fragments dispersed in tissue and multiply resistant environmental bacteria) [42].    






Figure 2: Left, a common type of injury associated with roadside improvised explosive 
device run over by a Humvee. Right, typical large-fragment wound of the leg. [34].





Figure 3: Radiograph of mangled leg from blast injury [34].

4.2
Battlefield Injuries Management


Current battlefield injuries management for the U.S. military is to first resuscitate, stabilize, and evacuate the wounded from the combat zone [30, 45].  Definitive care is generally delayed until the casualty reaches Level V facility since the U.S. integrated trauma management system is designed to rapidly transport the casualty from point of injury through several advancing levels of medical care [6, 30].  This system also allows for a smaller medical footprint within the combat zone due to the rapid medical evacuation, which generally takes about 4 to 7days to transport the casualty from point of injury on the battlefield to CONUS [6-9, 40].  Hence, treatments at Levels I to III are limited to stabilization and preservation of life and limb, with the earliest echelon to provide definitive care is at Level IV outside the combat zone.  Level IV is the first echelon where definitive surgical management may be performed (typically only on simple closed injuries); in general injuries are only furthered assessed, irrigated, and debrided [30].  At Level V, the final stage of evacuation, surgeons perform definitive stabilization, reconstruction, or amputation of the very complex extremity wound when it is determined that it is no longer salvageable.  Therefore, the wounds of the transported casualty until they reach Level V are left opened and usually dressed with only a dry absorbent, non-occlusive dressing [30, 48].  While en route to CONUS, the wounds changes over time and requires re-evaluation at each level.  Since definitive care is generally performed in CONUS, most medical and surgical procedures performed up until Level 5 are primarily executed to keep the wound clean (e.g. irrigation, debridement, and broad-spectrum antibiotics) following resuscitation, damage-control, and stabilization [6, 8, 9, 38, 41, 44, 47, 48]. 


While this has been the established medical care practice for treating wounded warriors with great results in increasing survivability compared to previous conflicts, the amplified severity and complexity of the wounds necessitate new treatment modalities since current reconstructive medicine does not restore the injured tissues and extremities to full function or with aesthetically acceptable appearance.  


In recognizing this new military medical challenge to return dedicated service members to fully or near pre-injured state, the U.S. Congress recently issued a legislative request to the Surgeon General of the Army to fund studies on new methods for wound healing and scar reduction following battlefield injuries with the goal to develop new, innovative treatments (December 16, 2009, Department of Defense Appropriations Act 2010).  Advances in regenerative medicine and tissue engineering offer the opportunities to develop novel and innovative technologies to treat traumatic war injuries for which current treatment modalities cannot reconstruct the warrior to full or near-full functional form and with aesthetically pleasing results. Thus, developments in regenerative medicine and tissue engineering applications could be the game changer.  


4.3
Regenerative Medicine Technologies for Treatment of Traumatic War Injuries


Tissue engineers, surgeons, and clinicians have been working to develop innovative medical solutions such as gene therapy, cell therapy, and engineered tissues to treat injuries, disorders, diseases, and other types of ailments including replacement of damaged organs with a biologically engineered for some time [49-52].   One might say the earliest tissue engineering started as early as 1668 when surgeons utilized non-engineered biomaterials such as ivory, wood, and bamboo as transplants to stabilize factures or replace lost bone tissue following injuries [1, 53, 54].  In the U.S., a historical search on tissue engineering applications through the U.S. Patent Office reveals patents filed in the late 1970s by Drs. Yannas and Bell, who later created Organogenesis.

Recognizing that most of these tissue engineering efforts have been geared towards civilian trauma, whose wounds differ significantly from war injuries, the Department of Defense in particular the U.S. Army Medical Research and Materiel Command (USAMRMC) including its subordinate element the Telemedicine and Advanced Technology Research Center (TATRC) have been directing its investigators and research partners to develop tissue engineering and regenerative medicine applications specific to treat war injuries, and in particular to the extremity since 2005 [1, 2, 46].  In addition, USAMRMC has increased funding for research in this area through establishing the Orthopedic Trauma Research Program (OTRP) in 2006, the Armed Forces Institute of Regenerative Medicine (AFIRM) in 2008, and more recently the Defense Medical Research and Development Program (DMRDP) in 2009.  Almost all of these research programs focus on applications geared towards Level V care.  


Regenerative medicine should also be developed for the acute phase of the injury (e.g. during early echelons of care).  Even with the rapid medical evacuation of casualty from battlefield to CONUS, treatment is currently limited to keeping the wound clean.  While this is important, it could also be delaying healing and prolonging inflammation (Figure 4).  Further, each debridement essentially is re-injuring the tissue since some amount of healthy tissue is removed along with necrotic tissue during the process. Other surgical procedures performed on the wound affect it on some mechanical level to the tissue in some form of load.  Prolonged inflammation resulting from bacterial infection or mechanical stress on wound has been found to cause unfavourable affect on wound healing; including delayed healing and tissue scarring [10, 55-58].  In addition to the limited treatment at early echelons and possible mechanical stress placed on the wound, full treatment of wounds beyond debridement is further delayed for an additional 4 to 7 days (range in time typically taken for casualty en route for medical evacuation from point of injury on the battlefield to a large, fixed medical facility in CONUS).  Taking all of these issues together, the delayed treatment, even if it is only an additional 4 to 7 days (while not increasing mortality), could impact optimal healing, functional outcomes, and aesthetic appearance.  Therefore, inclusion of novel, innovative regenerative medicine applied at early echelons to trigger the body immune system to start the healing process may be one possibility in improving wound repair and circumventing the additional debridement as the casualty goes through each successive level of care while en route to CONUS.  

Development of innovative regenerative medicine applications geared towards use at early echelons of care needs to take into consideration the current medical footprint, including infrastructure and trained medical staff as well as the logistics in bringing supplies from CONUS to the battlefield. Evaluation of the current echelons of care and its capabilities indicates the earliest echelons of care for consideration would be at Level II.  Products for use at Level II care must demonstrate substantial benefits only when it is applied within 24 to 72 hours of injury, have a small medical footprint (Figure 5), and withstand environmental conditions (e.g. variable temperature and humidity of outdoor conditions).  This would be a significant engineering challenge.  A more reasonable possibility would be regenerative medicine applied at Level III care, where there is greater capabilities and better infrastructure, including established logistics and refrigeration.


Some possible regenerative medicine applications, currently in research and development stage, which could be applied at Level III care and change the current trauma management from wound stabilization to accelerating wound healing, are briefly highlighted here.
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Figure 4: Illustration showing Level I though V care and wound healing response over time.  
Length of bar for Level care indicate range of time a casualty may spend at that echelon of 
care.  Note normal inflammation phase is about half way completed if casualty arrives 
at Level V within 3 days.  However, inflammation phase could be prolonged and 
could last longer than what is shown above for typical wound healing pattern.
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Figure 5: General surgery backpack and anaesthesia backpack, two of the five packs containing 
the rapid-response surgical system [34]. Products must fit within this bag 
for Level II and be stored without controlled environment.

4.3.1
Therapies Derived from Proteins, Growth Factors, and/or Cells


Therapies that could change and control how inflammation and tissue repair during wound healing by redirecting the body’s innate responses towards functional healing would have the greatest impact [12].  One possibility could be derived from studies on understanding the signalling mechanisms involved in regulating inflammation and fibrotic processes.  For example, study on the matricellular protein HEVIN and its role in inflammation and wound repair could help understand the factors that regulate inflammation processes and use this information to guide the development of novel therapeutic treatments aimed at manipulating cellular trafficking to direct healing responses toward defined positive outcomes [59].   As a case in point, a unique population of T cells was found that respond to acute inflammation and then elaborate chemokines to attract further inflammation-suppressing cells to migrate to the site, a natural mechanism for the resolution of inflammation that might be exploited therapeutic use [60].


Novel stem cell based therapies using amnion-derived multipotent progenitor cells, including its by-products such as cytokines, could improve healing of burn, spinal cord, and traumatic brain injuries [61].  Amnion-derived multipotent progenitor cells are formed very early in embryonic development from the same embryonic cell layer that forms the fetus.  Thus, these cells have strikingly similar characteristics to embryonic stem cells, but possess important characteristics that distinguish them from embryonic stem cells and adult stem cells.  One of these characteristics includes defined cell growth, meaning they do not grow and multiply indefinitely, and thus are not considered immortal.  This characteristic substantially reduces the risk for transplanted amnion-derived cells from forming spontaneous tumors following implantation.  Also, these cells are readily available and easily harvested without any ethical issues associated with embryonic stem cells.  Further, amnion-derived multipotent progenitor cells exhibit a unique combination of properties known to be associated with wound healing including extensive cell proliferation potential, differentiation into multiple cell types, and secretion of cytokines and many growth factors.  Current research indicates that mechanism of protection is possibly through delivery or sustained secretion of neurotrophic factors [61].  


Recent discovery of very small embryonic-like stem cells (VSELs) is being investigated as novel cell-based therapeutics to treat war injuries [62-66].  These VSELs have been found to be elevated following injury such as acute myocardial infarction and stroke [67-69].  The appearance of these VSELs in greater circulation following acute injury might be part of the body’s self-repairing mechanism and recent studies appear to show a direct correlation between clinical outcomes to increasing circulating VSELs [68, 69].  Couple of advantages for employing this technology include its pluripotency without drawbacks of embryonic stem cells, its derivation from peripheral blood (enables easy access without having to extract from the bone marrow or destruction of embryos), and its potential for a wide range of therapeutics (not limited to certain types of cells like other adult stem cells) [70-73].  Most importantly, it appears that small numbers of VSELs should provide adequate cell doses for therapeutic effect.  Thus, this type of cell-based therapy might have the most effect if apply early following injury, especially since it appears as part of the innate wound healing process.    


4.3.2
Novel Cell-based Delivery Technologies


There are a couple of novel ways to deliver cells to improve wound healing and provide coverage for burns, in particular for partial or full-thickness skin injuries or greater than 60% total surface area.  These technologies include the SkinGun, WoundCap, and skin printer.  


The SkinGun, a controlled cell spray delivery system, when combined with an active wound dressing such as the WoundCap allows for even distribution of cells and for cell growth and support.  The SkinGun is basically a device for depositing skin cell in a controlled manner, where the relevant cells suspended in solution can be evenly distributed via an innovative device for spraying a cell suspension under controlled conditions onto the wound.  Such an approach could overcome some of the limitations found in current methods for treating skin wounds from skin grafting (i.e. split-thickness and full-thickness grafts, micro-grafting, and mesh graft) to cultured epithelial autografts, and to other mechanical hand driven spray techniques.   


The SkinGun research now focuses on developing a methodology that allows for high yield autologous skin cell isolation in the intra-operative setting, and to deliver an expanded population of skin cells to wound sites in a controlled spray pattern.  The controlled spraying allows for a more even distribution of cells to be deposited in the wound and enables a larger surface to be treated compared to current treatments such as cell sheets for a given therapeutic cell number.  This provides an advantage for the spray deposition concept over cell sheets, which is avoidance of blister formation that results in irregular scar formation and insufficient take rates.  These sprayed cells could be supported by an active, on-demand biodegradable wound dressing device (e.g. WoundCap – a biodegradable, porous hollow fiber delivery device) that also provides temporal delivery of therapeutics such as growth factors and/or antibiotics for enhancing healing and/or preventing bacterial infection.  The concept of an active, on-demand biodegradable wound dressing device is to not disturb the healed layers of tissue.  Such concepts, in particular the WoundCap if applied at Level III could mean an earlier start on tissue repair.  

A portable skin printing system would be another novel delivery system for repairing burn injuries quickly and evenly in situ [74-76].  This system would enable bioprinting of both partial and full-thickness skin using human skin cells and dermal matrices.  Different cells, suspended in solution, are placed in cartridges much like an inkjet printer.  Thus, multiple cell types could be delivered to targeted sites.  The process will be high throughout, automated, and cost-effective.  Current research and development of a bench prototype found two different skin cell types can be directly delivered onto a wound in a murine model.  The skin cells delivered through the printer nozzles remain viable and survive following printing.  The printed skin cells found to form skin structures and integrate with the surrounding skin.  


The goal of these technologies is to provide coverage and initiate wound healing.  Another technology to advance cell-based therapy, recently solicited by TATRC through the Small Business Innovation Research (SBIR) funding, is development of an implantable cell bioreactor and extractor device designed to use the body as the natural incubator and bioreactor to capture and expand targeted cells in vivo for use in cell-based therapy.  Current cell-based therapy requires ex vivo expansion of cells (isolated from the patient).  This expansion process, would occur at Level V when patient arrives at CONUS, adds additional time before treatment could start for autologous cell source therapy.  An implantable, miniaturized cell bioreactor and extractor that can be inserted into the patient’s arm via a needle at early echelons could mean an earlier start in expansion of cells that be readily extracted at sufficient cell population for therapy once patient arrives at Level V.    

5.0
summary


Regenerative medicine could be the game changer in improving functional and aesthetic outcomes of wounded warriors, whose traumatic war injuries are challenging, severe, and complex.  The U.S. Army is leading the way in funding regenerative medicine research to develop innovative medical treatments specific to traumatic war injuries.  One step further would be to develop regenerative medicine that could be applied at the earlier echelon such as Level III care.  This would be a paradigm shift from the current trauma care management system where final definitive care takes place at Level V facility in CONUS.  Current trauma management, while sophisticated and advanced, is mostly limited to keeping the wound clean following resuscitation and stabilization of the injured warrior at early echelons of care (Level I through IV).  Although transport of casualty from battlefield to CONUS is rapid and typically takes 4 to 7 days, the delayed in definitive care could negatively impact the course of wound healing such as prolonged inflammation.  Therefore, appropriate regenerative medicine applications could alter the course of wound healing towards tissue repair and regeneration when applied early in the injury phase.  An evaluation on the current state-of-the-art regenerative medicine applications and technologies for use at Level III was performed.  Several possible candidates are presented in this paper.  The selection criteria included its medical footprint, operational requirements (e.g. infrastructure and trained staff), and potential benefits, in particular when result is time sensitive.  Finally, advances in innovative military medicine will also positively impact civilian trauma care.
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Abstract


The current medical equipment maintenance model is “on site and physical”, rather than “remote and virtual”.  There is no comprehensive or standardized remote diagnostic access (RDA) capability for biomedical technicians to troubleshoot and resolve problems remotely and securely.  Additionally, the current operations model is “reactive”, rather than “proactive”, in terms of early problem detection and prevention.  The lack of visibility to the health of medical equipment and the need to be on site for problem resolution, coupled with frequent rotations and scarcity of medical equipment technicians, continue to cause considerable downtime of critical medical equipment densities and is detrimental to the health care support to our war fighters.

Complex medical equipment such as Magnetic Resonance Imaging (MRI), Computed Tomography (CT), Computed Radiology (CR) scanners, along with ultrasonic and laboratory devices are critical to the patients’ treatment regimen.  Unscheduled delays and/or extensive downtime of the equipment severely hamper the physicians’ ability to diagnose and treat a patient’s injury or medical condition.  Complexity often requires the local maintainer to rely on external support or SMEs, many times from the equipment’s manufacturer, to assist in the diagnosis and repair.  This “wait and see” method coupled with the lack of any pre-screening capability to identify troubled areas, worn parts, or signal “out of tolerance” modalities can cause additional delays.  

While medical equipment manufacturers offer variations of managed-services to monitor and maintain medical equipment in service for commercial installations, these offerings often can only support individual manufacturers’ own brand and model of medical equipment.  Furthermore, their service architecture and the providers’ infrastructures generally do not comply with the government’s security protocols and regulations.  As a result, virtually all the offerings do not have the authority to operate (ATO) within the government networks due to the lack of accreditations and compliance.  Compounding the problem is the fact that manufacturers are reluctant to release proprietary hardware and software specifications, access protocols, application programming interfaces (API), or software development kit (SDK) to allow independent development, integration, and support for telemaintenance in medical equipment operations.  


The subject of this paper is to summarize the research and development of a new RDA capability, and a proactive monitoring system as the foundation of the new medical equipment telemaintenance framework.  The RDA helps transition the maintenance model from “physical” to “remote”, while the monitoring system helps transition the operations model from “reactive” to “proactive”.  In essence, the monitoring system is enabling the condition-based maintenance (CBM+) practice by proactively seeking and detecting conditions on medical equipment that may trigger a maintenance work order on-demand.  As such, it will also help transition the management model from a “time-based” to “condition-based” practice.  The research outcome is a unified remote diagnostic access gateway, the Teleconsole, with an efficient methodology for provisioning secure remote access for medical equipment diagnostics.  This unique RDA gateway provides all the necessary tools to enable proprietary and legacy medical equipment, including those without native RDA support, to become telemaintenance-ready.  The new methodology provides technicians with the ability to remotely perform diagnostic tasks and resolve problems without any time and physical constraints.  The research continues with the development of a methodology, based on the concept of computer vision (neural networks) working in conjunction with proven techniques such as macro automation, to train computer systems to perform monitoring tasks on behalf of the technician around the clock.  This research is in progress.

1.0
Introduction


For many decades, telemaintenance and condition-based maintenance have been well established ‘best practices’ for the Information Technology (IT) operations.  However, most recent independent surveys still suggest that these capabilities are virtually non-existent, or not an enterprise-wide capability, in equipment operations outside the realm of IT services, such as healthcare, utilities, communications, and other sectors.  


Telemaintenance is accomplished by a remote diagnostic access (RDA) capability that enables a remote technician to perform diagnostic tasks on equipment without having to be onsite, or the ability for the local maintainer to collaborate with remote subject matter experts (SMEs) assisting in the troubleshooting and repair of the equipment.   


Condition-based maintenance (CBM) is accomplished by real-time sensors deployed to monitor the health of the equipment.  When an impending problem is detected, the condition serves as a trigger for the responsible technician to perform a specific maintenance task on the equipment.   

The research and development initiative is to establish a new medical equipment telemaintenance framework consists of two key objectives: the RDA capability to enable secure remote access for equipment diagnostics, and the Proactive Monitoring capability to enable early problem detection by leveraging the new RDA capability.  Considering the RDA capability as “paving the roads” on which diagnostic activities and equipment statistical information can be transported, then the Proactive Monitoring capability can be viewed as “problem sensors” for early problem detections.  Being able to detect impending equipment problems before they occur is the beginning of a transformation from the current time-based maintenance methodology to a condition-based maintenance (CBM+) operations model.  All of these are fundamental building blocks of the telemaintenance platform; furthermore, they align with the requirements and objectives of the Hospital of the Future (HOF) initiatives as well.


2.0
RDA and CBM Implementation Challenges


In the IT world, console access has been standardized with the RS-232 protocol.  Whether a DB25 (outdated), DB9 or RJ45 console port is on the device, the same software and methodology is used to access network devices or servers.  


2.1
Proprietary Software and Communications Protocols (Standardization)


It isn’t the same for medical equipment.  Each piece of equipment may have a different communication interface, as well as different software required to perform the maintenance.  Original equipment manufacturers (OEMs) use proprietary software for the console access, placing dependencies on the manufacturers to provide management and diagnosis capabilities.  This is good for their bottom-line as they provide managed services offerings, often times for different makes and models within their own product lines.  


2.2
Non-disclosure by OEM (Interoperability)


Adding to this vendor “lock-in” is the fact that they are reluctant to release proprietary hardware and software specifications, access protocols, application programming interfaces (API), or software development kits (SDK) to allow independent development, integration, and support for telemaintenance.  Without the ability to integrate or consolidate these individual and diverse management points, from various OEMs, the enterprise does not have a standardized and centralized management platform on which complex data-mining can be performed and analyzed.


2.3
IT and Biomed Operational Gaps (Alignment/Convergence)


Some of the more complex medical equipment are partially available via remote access, due to the fact that they have two management points.  The first is a ‘computer’ part that runs a specialized OS, such as Microsoft XP Embedded, along with custom software used by the technician to operate the equipment.  The second is a ‘mechanical’ part that is controlled by circuit boards and is accessible by the technician via the serial console and running proprietary diagnostic software.  To implement full RDA for medical equipment, the IT organization assisting the efforts often does not understand the dual management points.  If the IT engineers recommend some in-band access solutions, such as virtual network computing (VNC), remote desktop protocol (RDP), or virtual private network (VPN), then the solution negates the management point on the medical equipment that can only be accessed via out-of-band console.  Conversely, if the suggested solution is serial console access, then the equipment cannot be accessed via in-band services as mentioned above, or other out-of-band console such as those using USB and KVM interfaces.  As such, IT organizations’ recommended solutions, based on products designed for IT operations, generally do not meet the requirements of biomed telemaintenance, such as form factor, in-band versus out-of-band access, serial console versus USB console, and text-based console versus graphical console (KVM products).  


2.4
The Lack of CBM Capability


Monitoring of IT components is well established and an operational best practice to provide visibility to the health of IT resources.  It also provides the predictability of when a problem will occur so that the administrators can proactively diagnose and resolve the problem before they can impact the overall operations.  Proactive monitoring in IT uses standard protocols and tools adhering to those protocols over the ‘in-band’ network.  Unfortunately, that same methodology is not applicable to medical technology operations.  First, OEMs don’t adhere to standards and continue to use proprietary management tools to maintain vendor lock-in.  Second, device access for management and maintenance is ‘out-of-band’ through the console port and typical IT monitoring tools are not capable of utilizing that access method.  With a properly implemented RDA capability in support of telemaintenance, it can also serve as the necessary transport for the implementation of the CBM capability.


All of the factors above contribute to the challenges organizations face to maintain a fully functioning and efficient health care facility.  Some of the shortcomings of this on-site approach include:

1) It is slow.  Because the technician or manufacturer support personnel need to go on-site for maintenance, the travel time needs to be accounted for.  In addition, personal schedules can impact time to repair as organizations are reliant on a subset of individuals to perform the maintenance.


2) It is costly.  Travel costs are quickly becoming a large expense in organizations.  Because all work needs to be on-site, those travel expenses can quickly grow to be a financial constraint.  But, it is also costly in another form – that of human health and lives.  People rely on this equipment on a daily basis for emergency medical service and chronic care management, which can cost people their health, or even lives, if the equipment is down or not functioning properly.


3) It is reactionary.  Due to the on-site nature of maintenance, it typically ends up being done in a break-fix manner.  This contributes both to the cost and time necessary to make the maintenance repairs.  Patient safety is directly affected by this.  It has been recognized by the World Health Organization that 1 in 10 patients around the world are impacted by health care errors.  It is unknown how many of those errors are as a result of out-of-maintenance or malfunctioning medical equipment.  


3.0
Previous rda implementation attempts


An earlier attempt was made to implement RDA capability for medical equipment using teleconferencing tools that worked effectively for telemaintenance of aircrafts and vehicles.  This type of system is generally made up of a video camera, an audio device (microphone, speaker, or handset), a computer with pre-installed diagnostic software, a communication device for network connectivity (wired, WIFI, satellite link, etc.), and an optional battery for mobility.  The system utilizes video for remote over-the-shoulder viewing during troubleshooting hardware failures, and the audio gears allow the local maintainer to communicate with the remote SMEs.  When the system was used in medical equipment telemaintenance, the RDA capability provided by the system was found to be inadequate.  Some of the limitations are:

1) In general, medical equipment troubleshooting requires proprietary diagnostic software supplied by the equipment manufacturer and they must run on the local maintainer’s laptop.  The software also requires a physical serial cable connecting from the laptop to the medical equipment’s console port (a DB9 port is common although newer equipment comes with a USB port instead).  Since the software is very specific to the brand, model, and firmware versions of the medical equipment being diagnosed, the local maintainer must use the software that matches the hardware component to ensure compatibility.  This means, if the teleconference system is used for medical equipment telemaintenance, the computer found in the system must have all the diagnostic software pre-installed, including different version of the same software.  Even if it is possible to pre-load all the diagnostic software from all the manufacturers into all the teleconference systems’ computer, it is impossible to keep the versions of all software up-to-date on these systems.  


2) The teleconference system is usually equipped with one serial port to support wired console access.  This means the local maintainer cannot diagnose several equipments simultaneously, or he cannot efficiently troubleshoot on complex equipment with multiple console ports, such as the MRI.  


3) The teleconference system is designed for on-demand applications.  That is, a local maintainer would connect this device to the medical equipment at the time of need – when the equipment needs repair.  This method is not a long-term solution given one of the medical telemaintenance’s objectives is the proactive monitoring capability, which would require the teleconference system to have a persistent connection to all the medical equipment being monitored.


Another previous attempt to establish RDA for medical telemaintenance was the use of conventional remote access solution designed for telecommuters or teleworkers in the Information Technology (IT) world, such as a virtual private network (VPN) and other secure access gateways.  This type of solution enables a remote user to connect to a computer at the office, or allows an IT support personnel to remotely access the user’s computer to troubleshoot a software issue.  When the solution was tested for medical equipment telemaintenance, it was also proven inadequate.  The limitations are:


1) Telecommuter systems (hardware, software, or both) are in-band or network-based access solution. They work effectively when the remote computer and its operating system are healthy.  This type of solutions generally does not provision access for out-of-band methods, such as serial console, universal serial bus (USB) console, or keyboard video mouse (KVM) consoles.  For medical equipment diagnosis or calibrations, out-of-band access method is required.  As such, out-of-band access devices must be added to the in-band access solution.  The resulting RDA solution becomes very bulky and difficult to manage, as explained below.


2) Conventional IT-centric access solutions are generally not designed for medical operations environment, such as the ER, mobile hospitals, and etc.  First, the hardware form factor is designed for mounting on a rack.  For medical equipment telemaintenance, the form factor should be miniaturized so that the access device can be embedded inside and become an integral part of the medical equipment.  


3) Commercial off the shelf (COTS) products for out-of-band access are available, such as those serial-over-LAN devices designed for Supervisory Control And Data Acquisition (SCADA) applications, and KVM-over-LAN for headless server applications.  This method of bundling different brands of out-of-band devices, with each one being a stand-alone or point solution, to create the RDA capability for medical equipment telemaintenance is not ideal because it is impossible to integrate all these COTS products into a single management point.  


4.0
rda research and development


In order to understand the issues pertaining to implementing RDA for medical equipment telemaintenance, the next few sections summarize various subjects that are relevant to the research approach and prototype strategy to be discussed later in the report:

4.1
In-band and Out-of-band RDA for Medical Equipment


In-band access is a “network-based” access method, which allows a technician to access the medical equipment via the network.  This implies that the Operating System (OS) and the access application servers running on the OS in the medical equipment, such as the Virtual Network Console (VNC) server, File Transfer Protocol (FTP) server, Secure Shell (SSH) server, etc., must be fully functional.


Whenever the medical equipment is having a problem at the OS or firmware level (hardware), the network services supporting remote access often become unavailable; and consequently, the equipment can not be reached via the network.  This is because the network driver and the associated services are not running when the OS is not operational.  


Out-of-Band is a “non-network” access method, which allows the technician to access the medical equipment using a physical connection between the user and the console found on the equipment.  The console port can be one of three types: serial (DB9, DB25), USB, and KVM.  Universally, the purpose of the console port is to allow administrative access for configuration, troubleshooting, or calibration when the equipment is either not accessible via its network interface; or in some cases, certain administrative tasks can only be performed via the console.  The term “console access” is analogous to an out-of-band access.


4.2 
Understanding Console Access for IT Operations


In IT operations, network and server administrators typically use in-band access to perform routine maintenance tasks while the device is fully functional.  However, for configuration changes or when the device is non-functional due to component failures, they must rely on the out-of-band or console access to configure and troubleshoot the problem.  


A network technician generally uses a serial console access method for their remote diagnostic access.  One thing to note is that the serial console access in the IT world has been standardized such that the software used to connect to a serial console on one brand of network router is the same for accessing the console on another brand; furthermore, the same software can be used to connect to the serial console on different brands of server.  Specifically, the common protocols are Telnet and SSH for “terminal emulation access”, the actual implementations are known as reversed-Telnet and reversed-SSH, respectively.


Another standard in IT operations for serial console access is the use of a serial console server, a device that accepts the user’s commands via the network protocols and then relays the messages to the console on the device via a serial communication protocol.  With this device, along with the standardized access protocols, remote diagnostic access capability for IT operations, even for out-of-band access, have been achieved and is a common practice.


A new type of serial console, based on the USB standard, appeared in recent years.  The USB console access method is completely different from the serial console and it is still uncommon even for IT practices.  The remote diagnostic access for IT equipment, based on the USB console access method, is almost non-existent.  


A server administrator generally uses a network-enabled KVM console access method to remotely maintain servers.  The KVM console is simply a device that takes the analog video output signals from the VGA port on the server and converts it to digital signals so that they can be transmitted over the network.  The KVM console allows the administrator to take control of the server hardware (with the ability to control the mouse and keyboard while viewing the monitor output) as if he / she is physically in front of the server.  The KVM access method used in IT operations is well established and can support virtually all hardware and OS platforms.

4.3 
The Development of a RDA Gateway


As part of the research, commercial off-the-shelf (COTS) IT products were acquired to implement all access methods for all the medical equipment in the lab.  At the conclusion of this experiment, a preliminary solution was established and it was able to provide RDA to all the equipment, even those with no native or built-in RDA functions.  The solution consists of a large collection of hardware and software products from various vendors.  While this solution can provide the full RDA capability for the medical equipment, it was deemed too expensive, complex, and bulky to be feasible for medical applications.


It was decided that a new RDA device must be custom built to provide all the RDA functions without the high cost, bulk, and complexity.  The result is the development of a device known as the Teleconsole. The Teleconsole is a unique hardware appliance that has quantified all possible RDA methods and integrated them into a single device – one with a comprehensive set of ports, embedded software, security, and wired and wireless capabilities that can universally transform medical device with no built-in remote diagnostic capability into one that is fully telemaintenance-ready.


Teleconsole provides technicians with the ability to remotely perform diagnostic tasks and resolve problems without any time and physical constraints.  With such a new RDA capability, a local maintainer can collaborate with subject matter experts (SMEs) via the “over the shoulder” view of the medical device; or a remote technician can “reach in” via secure access to calibrate machine components, retrieve error logs, or upgrade configuration files – all of which can be achieved through an extensive set of RDA functions that are agnostic to the brand, make, and model of the failing medical equipment.    


IT support personnel are accustomed to having the ability to access all equipment remotely, including the console ports necessary for ‘out-of-band’ access.  The latter piece has been solved in the IT world through the use of a serial console server – a device which accepts communications over the network and transfers them to the standardized RS-232 protocol and out the physical console port connected to the network device or server.  By combining standard in-band access with the functionality of a serial console server, it provides alignment with the typical access methods that IT is familiar with.  


Equipped with 6 DB9 serial ports and 4 USB ports – as well as network interfaces, the Teleconsole can provide in-band and out-of-band access methods in a single platform to both management points on even the most complex medical equipment.  The in-band allows remote access to devices with an integrated ‘computer’ component, while the out-of-band access is used for the ‘mechanical’ component of the medical equipment.  


OEM supplied diagnostic software has been developed to communicate directly with the console port on the medical equipment.  The Teleconsole allows the software to think it is doing so even though the technician’s laptop is not connected to any medical equipment.  To accomplish this, a few steps are needed.  First, a virtual communications port needs to be created on the technician’s computer so the application thinks that it is speaking directly with the device via the COM port and a physical cable.  Next, a piece of software running on the same computer needs to accept the traffic from the virtual COM and transmit it over the network to the serial console server physically connected to the medical equipment.  Lastly, the serial console server transfers the communication directly to the console port on the medical equipment using the raw serial protocol.  The same process using a virtual port and software transmitting communication over the network to the console server is also applicable for USB access.  


5.0
Proactive Monitoring research and development


In order to understand the issues pertaining to the proactive monitoring of medical equipment, it is necessary to understand the different characteristics of managing and supporting IT devices versus medical equipment.


5.1 
Proactive Monitoring of IT Resources


Proactive monitoring of IT infrastructure components, such as networks, servers, applications, databases, and etc. has been well established.  The monitoring and trending of IT component utilization, performance, and availability are critical and essential operational best practices.  The visibility to the health of the IT resources provides the predictability of when a problem will occur so that the administrators can proactively diagnose and resolve the problem before they can impact the overall operations.  It would be impossible for any mission critical IT infrastructure to exist and functioning optimally without the proactive monitoring and problem detection capability.


Proactive monitoring is easy to implement for IT operations because there is an abundant of products, as well as standards, API, and SDK that allow a monitoring tool to be able to communicate with the managed devices for data collection, statistic gathering, and etc.  For the most part, hardware and software vendors in the IT world are very willing to cooperate by either adhering to pre-defined management standards; or they release proprietary specifications so their hardware and software can be managed by 3rd-party tools.  If a vendor is unwilling to release such information, then enterprise customers will simply refuse to use their products.  


5.2 
Proactive Monitoring of Medical Equipment


Medical technology operations currently do not have a well defined management strategy across the board.  It is still relatively primitive.  The main reason is that medical technology operations are, for the most part, autonomous.  And each silo of medical technology operations places heavy dependency on the equipment’s manufacturer to provide the management as part of the maintenance contract.  This practice is slow to change because the manufacturers do not want to, as they can capitalize on services revenue; and customers do not know how to, because there is no off-the-shelf product on the market as an alternative to the manufacturers’ offerings.


The obvious reason for the lack of 3rd-party monitoring tools for medical equipment is due to the proprietary hardware and software interfaces.  Even worse is the incompatibility of the proprietary protocols between equipment from the same manufacturer.  As long as the manufacturers are not willing to release their specifications, and they continue to use proprietary protocols in their hardware and software interfaces, there will be no standardization.


The not-so-obvious reason is the fact that some complex medical equipment, such as the CT scanner, may have two management points: 1) the “computer” part that runs a specialized OS, such as the Microsoft XP Embedded, along with custom software used by the clinician to operate the equipment.  For simplicity, we call this the “in-band” management of the medical equipment.  And 2) the “mechanical” part that is controlled by circuit boards and is accessible by technician via the serial console and running proprietary diagnostic software.  Again for simplicity, we call this the “out-of-band” management of the medical equipment.  


5.2.1 
The In-band Management 

The in-band management point is actual a standard computer housed in a custom case and thus can easily be managed by existing IT-centric monitoring tools.  This is because the OS is Windows based and the services running on this computer is network based.  As such, as long as the computer is fully operational, any monitoring tools can be used to check its CPU, memory, disks, processes, and custom applications.

5.2.2
The Out-of-band Management 

The out-of-band management point is only accessible via the serial console on the medical equipment.  Furthermore, the statistics and the operational state of the equipment, in most cases, can only be obtained using the proprietary software that runs on the technician’s computer.  The technicians generally use the software to configure and calibrate the mechanical parts of the medical equipment.


With two separate management points, the statistics gathered can be deceiving if only the in-band component is being monitored via off-the-shelf IT monitoring tools.  This is because while the “computer” portion may be healthy with no apparent sign of trouble, the mechanical part may be severely mis-calibrated, requires oiling, or is experiencing high temperature that may be damaging to the equipment, if left neglected, or may produce erroneous patient test results.  


5.3
Proactive Monitoring System Development

The objective of the research is to evaluate off-the-shelf technology that can be leveraged in developing a new monitoring platform that can be programmed to emulate medical equipment technicians that systematically, automatically, and proactively accesses the medical equipment to monitor their operating state.  This system can be scheduled to perform checks when the medical equipment is not in use or when the technician is not available on site to perform maintenance over an extended period of time.

In order to solve a problem with infinite diversity, due to the proprietary hardware and software interfaces on medical equipment, and with no access to any specifications, protocols, API, or SDK from the equipment manufacturers, the strategy is to identify the commonality and predictability that exists in medical technology.  There is one: the human element is a consistent and reliable criterion that medical equipment manufacturers must take into consideration when they engineered their products.  Namely, it is the software user interface, designed for human interaction with the medical equipment, as the basis for our project design focus.


The process of simulating a trained technician, that is connected to the serial console of the medical equipment and is navigating the proprietary software to perform specific maintenance tasks, can be broken down into three key steps: navigation, observation, and action.


Navigation represents the sequence of key presses and mouse clicks over an application UI visible on the technician’s computer screen.  Each of his activities is an input and the screen change (rendering of a new page), object change (a button is depressed after his click), character painting (echo of his typed text), etc. are outputs.


Observation represents his viewing of the presentation on the screen.  If the software is not waiting on a backend process to complete (ie: no hour-glass on the screen), then this is “idle” time.  Otherwise, it is “wait” time.


Action represents his activities after the idle time starts.  If the activity is key presses or mouse click in the application, then he is back to the Navigation step.  If his activity is outside the application, he may be performing a remediation for a problem he saw during the Observation step.  While auto-remediation capability can be added to this project at a later time, it is outside the current scope of the “monitoring” objective.


We are currently developing the monitoring capability based on the navigation and observation steps.  This means the system can act as the technician in traversing the UI and reviewing the results.


5.3.1 
Developing Navigation Capability with Macro-based Automation 


One existing technology that is commonly used by IT administrator is the macro-based automation tools.  This type of tools is designed to record and replay a user’s activity, within an application running in a graphical desktop environment, such as Windows, to automate repetitive tasks without programming.  Out-of-the-box, this type of tool is not efficient because a recorded segment can’t be easily modified.  For example, if there are 10 steps to perform task A and there are 11 steps to perform task B (the first 10 steps are identical as task A), the user has to create a new macro from scratch, recording the first 10 steps before doing the 11th.  However, it is possible to enhance an existing macro tool to overcome this limitation by manipulating the recorded segment in a macro.


With customizations and enhancements done to an off-the-shelf macro tool, we will be able to train a computer (once), by recording the activities of a trained technician performing a set of maintenance checks; we can then subsequently edit and tag certain segments to create macro sets for navigating to various areas within the proprietary diagnostic software.  When each macro is replayed at scheduled intervals, the result is simulating the navigation of the technician for performing a specific maintenance check on the medical equipment.  This is the “navigation” capability of the monitoring system.


5.3.2 
Developing Observation Capability with Computer Vision


One existing methodology, known as screen scraping, is a technique in which a program is designed to extract data from the “display” output of a second program, whereby the second program does not have to be running on the same computer.  The significance of this type of data extraction, which is different from parsing data between applications, is that screen scraping collects data that is in the final presentation state of the data designed for human viewing.  This method is popular for application developers to interface with a legacy or 3rd-party software without having access to the protocols, data structure, or API.  

Utilizing screen scraping technique, we can implement a method of “observation” for our monitoring system. In the previous navigation step, a macro represents the sequence of activities performed by the trained technician to go from the start of the UI to a destination where he then “observes” the data output on the screen.  The screen that the technician is viewing has been captured as an image.  The screen scraping step is essentially an image manipulation process, based on neural networks programming, designed to quickly obscuring the majority of the graphical area and identify all the “useful” areas based on various algorithms.   Useful areas are defined as tab labels, button states, fixed fields (grayed out), editable text fields (fields that are changeable), and etc.  Mimicking a human, this process can accurately identify all “useful” areas because there is a finite set of object that can appear in an application UI.  


Once the screen image has been fully “marked” or “dissected”, the screen scraping process continues to the next stage: data recognition.  This process is known as Optical Character Recognition (OCR).  OCR technology has existed for many years and one common use is extracting contact information from business cards.  OCR is not effective when it is used on handwriting, printed characters that use non-standard fonts, or large image area (such as translating a faxed document into editable content).  In the case of processing application UI screen images, focusing only on the marked “text” areas, the speed can be extremely fast and can achieve 100% accuracy because of the small area to scan and the fonts in application UI are very common, respectively.


When the OCR process completes, the extracted data is mapped to a predefined structure in the database based on the macro used; and subsequently, an XML file can be generated for exporting the data to be further processed by an external program.  For the monitoring process, the XML file can be a formatted and forward to a syslog server, a snmp collector, or to an enterprise monitoring system.


6.0 
CONCLUSION


Since last 2008, the research and development efforts for medical equipment RDA and CBM+ enablement have created the framework for the telemaintenance and condition-based maintenance transformations.   This framework can be expanded overtime to include and adopt other IT best practices in operations processes, security measures, and resource manageability.  


The Teleconsole provides a centralized and standardized RDA method in a single platform to access virtually any device regardless of the complexity, brand, make or model.  The RDA function paves the way for the Condition-based maintenance, which allows for proactive maintenance and management of the equipment – leading to true telemaintenance.  The new telemaintenance solution will improve the availability and resiliency of the medical equipment, reduce costs associated with unscheduled repairs, and validate equipment performance measures, which in turn provides the physicians with the ability to deliver quality health care to their patients.
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Abstract


Background

Casualties with lung failure are mechanically ventilated during aero-medical evacuation to the continental USA.  Positive-pressure mechanical ventilation is potentially injurious to the lung. Consequences of contemporary lung-protective strategies may include cardiovascular instability, use of high fraction of inspired O2, hypoventilation, hypercarbia, and acidosis. These effects may complicate patient management, motivating a search for better lung-replacement approaches. We investigated the ability of a novel extracorporeal veno-venous CO2 removal (V2CO2R) device to reduce minute ventilation (MV) while maintaining normocarbia. Our goal was to explore the potential utility of this technology to reduce dependence on mechanical ventilation during en-route care.


Methods

Seven healthy swine underwent tracheostomy, volume-controlled mechanical ventilation, and 72 hours of sedation and round-the-clock ICU care. After a 20 u/kg heparin bolus, a 15 Fr. dual-lumen catheter was inserted in the external jugular vein, advanced to the superior vena cava, and connected to the Hemolung, an extracorporeal pump-driven V2CO2R device. MV was titrated downwards to maintain normocarbia (PaCO2 35-45 mm Hg). Heparinization was adjusted to maintain activated clotting time 150-180 sec. MV (L/min), respiratory rate (RR), Hemolung blood flow (BF, L/min), CO2 removal by the Hemolung (VHemolungCO2, ml/min), PaO2 and PaCO2, plasma free hemoglobin (PfHb, g/dl), O2 consumption by the lung (VO2, ml/min), and CO2 production by the lung (VlungCO2, ml/min) were measured at baseline, 2 hours after device insertion and every 6 hours thereafter. 


Results

MV was reduced from 5.6 L/min at baseline to 2.6 L/min 2 hours after device insertion, and was maintained at 3 L/min+/- SEM until the end of the study.VHemolungCO2 remained steady over 72 hours, averaging 72 ± 1.2 ml/min at blood flows of 447 ± 5 ml/min. After device insertion, VO2 did not change; VlungCO2 decreased by 50% and stayed at that level (p<0.001). As the venous PCO2 rose or fell, so did VHemolungCO2. PfHb and ACT did not change. 


Conclusions

V2CO2R by the Hemolung enabled a nearly 50% reduction in MV. V2CO2R may be an effective adjunct to or replacement for mechanical ventilation for example during en-route care for combat casualties.

1.0
INTRODUCTION

Acute respiratory distress syndrome (ARDS) has a 30-50% mortality, affects about 150,000 patients per year, and together with chronic lung failure causes 1 in every 7 deaths in the USA (1). Acute lung injury (ALI) and ARDS are also significant combat casualty care entities stemming from trauma and resuscitation 
 ADDIN EN.CITE 

(2,3)
; smoke inhalation and burns (4); pulmonary contusion (5); use of chemical weapons such as mustard agent (6) as well as blast injury (7). Toxic industrial chemicals such as chlorine can also lead to ARDS (8) and have been employed with improvised explosive devices in a recent conflict (9). Civilian events such as the current H1N1 pandemic have the potential to overwhelm the available pool of mechanical ventilators, thus signifying the need for alternative lung-support therapies.


Though it is the mainstay of current ALI/ARDS therapy, mechanical ventilation can itself lead to secondary ventilator-induced lung injury (VILI) 
 ADDIN EN.CITE 

(10-16)
. Low-tidal-volume lung-protective strategies in ARDS decreased inflammatory mediator levels 
 ADDIN EN.CITE 

(13,14)
, end-organ dysfunction 
 ADDIN EN.CITE 

(14,17)
 and mortality (14).  Consequences of low-tidal-volume ventilation, however, may include cardiovascular instability, use of high fraction of inspired O2 (FiO2), hypoventilation, alveolar derecruitment, hypercarbia and acidosis, and have led to a search for better lung-protective approaches (1). In addition the low-tidal-volume strategy, though accepted as a standard of care for ARDS, has in clinical practice been implemented in a variable fashion 
 ADDIN EN.CITE 

(18-23)
. 


An alternate approach to the treatment of acute respiratory insufficiency and an avenue for avoiding VILI and achieving “lung rest” is to perform gas exchange via an extracorporeal device.
 ADDIN EN.CITE 

(24-28)
 
 ADDIN EN.CITE 

(29,30)
. Extracorporeal membrane oxygenation (ECMO) has, to date, been too costly for routine use as a lung-rest strategy in adult ARDS patients. To this end, Zwischenberger and colleagues developed a less invasive arterio-venous CO2 removal (AVCO2R) system 
 ADDIN EN.CITE 

(26, 31, 32)
. AVCO2R requires an adequate cardiac output and blood pressure, as well as placement of an arterial catheter which may lead to limb ischemia 
 ADDIN EN.CITE 

(33)
. 

The purpose of the current study was to investigate the lung replacement potential of a new motor-driven extracorporeal veno-venous carbon dioxide removal device (V2CO2R) that allows for CO2 removal at relatively low blood flow rates (400-600 ml/min) (Hemolung, ALung Technologies Inc. Pittsburgh, PA). This technology has a high gas-exchange efficiency per membrane surface area (0.59 m2). Invasiveness is reduced by use of a dual-lumen catheter and a single-stick venous approach. Operation is driven by a pump, which allows for use in low cardiac output states. We tested the ability of the Hemolung to reduce the need for ventilatory requirements in mechanically ventilated swine over 72 hours. We hypothesized that Hemolung would permit a significant reduction in minute ventilation while maintaining normocapnia.


2.0
MATERIALS AND METHODS

This study was approved by the US Army Institute of Surgical Research Animal Care and Use Committee and was carried out in accordance with the guidelines set forth by the Animal Welfare Act, other federal statutes and regulations, and by the 1996 Guide for the Care and Use of Laboratory Animals of the National Research Council.


2.1
Animal Preparation


Seven female Yorkshire pigs weighing 54.2 + 0.8 kg SEM were fasted for 24 hours, anesthetized with isoflurane (2-4 Volume %) via a mask and intubated. Next, total intravenous anesthesia (ketamine 200-500 mcg/kg/min and midazolam 2-5 ml/hr) was started through an ear vein and femoral arterial and venous catheters were aseptically placed for blood-pressure monitoring, intravenous access, and sample collection. The animals were volume-control ventilated using a Siemens Servo 300A ventilator (Siemens-Elema AB, Sweden) with room air at a tidal volume (TV) of 12 ml/kg and respiratory rate (RR) of 8-9 per minute. RR was adjusted at baseline to maintain normocapnia (PaCO2 35-45 mm Hg). Each animal received a maintenance rate of lactated Ringers’ solution (LR) to maintain urine output at 0.5-1 ml per kg body weight per hour.

2.2
Hemolung Description and Insertion

The Hemolung system consists of a unit in which gas exchange takes place (Fig. 1, A) and an integrated control console (Fig. 1, B). The system is interfaced with the patient through a custom dual-lumen 15-Fr. catheter similar to a dialysis catheter. The catheter is designed to offer low flow resistance and superior kink resistance compared to off-the-shelf dialysis catheters (Fig. 1 C). The Hemolung pump withdraws venous blood from the superior vena cava which, after CO2 removal, is re-infused in to the right atrium through the distal openings. Inside the Hemolung unit blood flows centrally into a rotating core, is radially pumped through a stationary annular fiber bundle, and returns to the patient via an outlet port (Figure 1, A). Unlike conventional passive oxygenators, the core utilizes a motor-driven rotational motion to increase gas-exchange efficiency. This increases the amount of CO2 removed relative to the surface area (0.59 m2) of the fiber bundles. This increased efficiency permits blood-flow rates comparable to those used in dialysis (300-600 ml/min).
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		Figure 1 (a): Hemolung unit.

		Figure 1 (b): Controller.
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Figure 1 (c): Dual lumen catheter.


After 1 hour of baseline stabilization, the Hemolung unit was primed with 300 ml of normal saline containing 5000 u of heparin. The right jugular vein was aseptically exposed via a cut down. After a 20 u/kg intravenous bolus of heparin, each animal underwent placement of the 15 Fr. catheter through the external jugular vein. The catheter was positioned so that the proximal set of openings was situated in the superior vena cava and the distal tip (with another set of openings) was placed in the right atrium. Plastic tubing provided by the manufacturer was immediately connected to each of the two ports of the catheter using the wet-to-wet technique and the Hemolung unit was started. Placement of the catheter was confirmed via fluoroscopy. 


After device insertion, the ventilator settings were reduced according to an algorithm in order to maintain normocarbia. First, RR was reduced to the minimum setting allowed by the ventilator (5 breaths/per minute) and kept there unless hypercarbia developed. Further decreases in MV were sought via reduction in TV in 2 ml/kg steps as verified by blood gas analysis. TV and RR were adjusted if the combined effects of Hemolung and ventilator were inadequate to maintain normocarbia. Animals were maintained for 72 hours with round-the-clock care in an animal ICU.

2.3
Measurements


Heparin was given continuously during the study and assessed by the activated clotting time (ACT, sec) using a Hemochron Jr. Whole Blood Microcoagulation System (ITC Europe, Rodano, Italy). Heart rate (HR, beats per minute), systolic arterial pressure (SAP), minute ventilation (MV, L/min), respiratory rate (RR, breaths/minute), and tidal volume (TV, ml/min) were recorded. Oxygen consumption (VO2, ml/min) and carbon dioxide production (VlungCO2, ml/min) were measured using a Deltatrac II metabolic cart (Sensor Medics, Yorba Linda, CA) and adjusted for body surface area. Hemolung blood flow (BF, L/min), VHemolungCO2 removal (CO2 rem., ml/min) and sweep gas flow (ml/min) were recorded from the Hemolung console (ALung Technologies, Inc., Pittsburgh, PA). Arterial tension of oxygen (PaO2, mm Hg) and carbon dioxide (PaCO2, mm Hg) were measured at baseline, 2 hours after insertion of the Hemolung and every 6 hours thereafter (Roche, CO Bas B 221, Indianapolis, IN). Plasma free hemoglobin (PfHb, g/dl) was determined using spectrophotometry (34). 


2.4
Statistical Analysis


Statistical analysis by one-way ANOVA with repeated measures and adjustment for multiple comparisons was performed using SAS v. 9.1. (Cary, NC). Significance was accepted at p<0.05.

3.0
RESULTS

A total of 504 hours of ICU care were performed in the conduct of this study. MV and RR decreased 2 hours after device placement and remained reduced to 50% of baseline value throughout the duration of the study (Table 1, Fig 2). TV was about 100 to 75 ml lower at each time point compared to baseline values, but these changes were not significant. PaO2 was lower at 2 hours, whereas PaCO2 was higher at 48 and 72 hours after insertion when compared to baseline values (Table 1). The pH was unchanged throughout the study. Average CO2 removal (VHemolungCO2) over the entire study duration was 72 ± 1.2 ml/min. It remained not different from baseline at all time points, other than at the 72-hour time point when it decreased to a mean of 65 ml/min (Table 1, Fig. 3). Mean BF over the study was 447 ± 5 ml/min and remained steady (Table 1). Revolutions per minute of the motor remained steady in the 1200 to 1300 range throughout the 72 hours (data not shown). Sweep gas flow averaged 8.6 L/min throughout the study (data not shown). HR and SAP did not change after placement of the Hemolung unit at any time, except at 24 hours after Hemolung placement when HR decreased from 100 to 77 beats/min (Table 2). VO2 did not change, whereas VlungCO2 decreased significantly at all time points after device placement to nearly half of the baseline value (Table 2). ACT remained unchanged throughout the study. The PfHb levels remained steady and low throughout the duration of the study (Table 2).

Table 1: Ventilatory data, blood gas data, and key Hemolung parameters. MV, minute ventilation (liters per minute); RR, respiratory rate (breath per minute); TV, tidal volume (milliliters per minute); PaO2, partial pressure of oxygen in arterial blood (mmHg); PCO2, partial pressure of carbon dioxide in arterial blood (mmHg); pH, hydrogen ion concentration in arterial blood (relative units); CO2 removal, carbon monoxide removal by the Hemolung device (milliliters per minute); BF, blood flow through the Hemolung device (milliliters per minute). All data are means ± SEM. Statistics by one-way ANOVA with repeated measures and adjustment to multiple comparisons. *Significant difference vs. baseline at p<0.05.

		Variables

		Baseline

		2 hr

		24 hr

		48 hr

		72 hr

		p, BL
vs. 2 hr

		p, BL
vs. 24 hr

		p, BL
vs. 48 hr

		p, BL
vs. 72 hr



		MV, L/min

		5.6 ± 0.3

		2.6 ± 0.3*

		3.0 ± 0.1*

		3.1 ± 0.2*

		3.3 ± 0.2*

		0.02

		0.0004

		0.0003

		0.0002



		RR, breath/min

		9

		5*

		5*

		5*

		5*

		0.0002

		0.0004

		0.001

		0.003



		TV, ml

		650 ± 14

		556 ± 24

		576 ± 9

		574 ± 15

		578 ± 15

		0.087

		0.084

		0.16

		0.18



		PaO2, mm Hg

		96 ± 2

		77 ± 5*

		103 ± 8

		97 ± 16

		112 ± 8

		0.04

		0.94

		0.55

		0.08



		PaCO2, mm Hg

		39 ± 0.8

		43 ± 2.2

		42 ± 1.0

		44 ± 1.2*

		46 ± 5.8*

		0.52

		0.08

		0.01

		0.0003



		pH

		7.46 ± 0.0

		7.41 ± 0.0

		7.47 ± 0.0

		7.45 ± 0.0

		7.44 ± 0.0

		0.14

		0.98

		1.0

		0.99



		CO2 removal, ml/min

		n/a

		76 ± 3.0

		73 ± 1.2

		69 ± 2.7

		65 ± 2.6*

		n/a

		0.62

		0.17

		0.03



		BF, ml/min

		n/a

		422 ± 11

		471 ± 24

		445 ± 29

		431 ± 21

		n/a

		0.42

		0.77

		0.67
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Figure 2: Changes in minute ventilation (for statistical significance, see Table 1).
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Figure 3: Changes in CO2 removal (for statistical significance, see Table 1).


Table 2: Hemodynamic, metabolic and data. HR, heart rate (beat per minute); SAP, systolic arterial pressure 
(mmHg); VO2 oxygen consumption (milliliters per minute); VCO2, carbon dioxide production (milliliters per minute); 
PfHb, plasma free hemoglobin (milligrams per deciliter); ACT, activated clotting time (seconds). 
All data are means ± SEM. Statistics by one-way ANOVA with repeated measures and 
adjustment to multiple comparisons. *Significant difference vs. baseline at p<0.05.

		Variables

		Baseline

		2 hr

		24 hr

		48 hr

		72 hr

		p, BL
vs. 2 hr

		p, BL
vs. 24 hr

		p, BL
vs. 48 hr

		p, BL
vs. 72 hr



		HR, beats/min

		100 ± 11

		86 ± 11

		77 ± 6 *

		89 ± 9

		84 ± 6

		0.23

		0.02

		0.49

		0.89



		SAP, mm Hg

		130 ± 8

		125 ± 6

		117 ± 6

		114 ± 11

		117 ± 15

		0.99

		0.55

		0.46

		0.50



		VO2, Ml/min

		313 ± 37

		320 ± 39

		259 ± 26

		277 ± 33

		262 ± 31

		0.98

		0.09

		0.56

		0.06



		VCO2, ml/min

		262 ± 27

		135 ± 15*

		141 ± 13*

		152 ± 17*

		147 ± 18*

		0.0005

		<0.0001

		<0.0001

		<0.0001



		PfHb, mg/dL

		14.6 ± 2.4

		10.5 ± 1.5

		17.6 ± 5.8

		10.9 ± 1.8

		16.6 ± 2.8

		0.81

		0.99

		0.76

		0.98



		ACT, sec

		106 ± 4

		186 ± 25

		141 ± 24

		150 ± 22

		135 ± 25

		0.10

		0.69

		0.44

		0.57





4.0
DISCUSSION


The main finding of this study is that use of a novel veno-venous CO2 removal device (Hemolung) in healthy swine allowed for a significant reduction in minute ventilation which was sustained for 72 hours. Unlike passive oxygenators which rely on the arterio-venous pressure gradient and require both arterial and venous cannulation for gas exchange 
 ADDIN EN.CITE 

(30,35)
, the Hemolung system utilizes a single-stick dual-lumen venous cannula and an extracorporeal rotational motor. This motor, by increasing blood flow across the fibers, allows for optimized CO2 elimination for a membrane surface area of 0.59m2. Increased gas exchange efficiency in the Hemolung permits use of lower blood flow rates in the 300-750 ml/min range, compared to 800-1500 ml/min in the current AVCO2R devices 
 ADDIN EN.CITE 

(26, 30, 35, 36)
. 

Despite heparin coating of current gas exchangers one of the continuing limitations in extracorporeal lung use is the requirement for systemic heparin administration. The present study did not pursue the minimal possible dose of heparin usable with the Hemolung. Although the fibers are Siloxane coated to reduce thrombogenicity, manufacturer recommendations called for maintenance of ACT around 180 sec. One of the units developed a thrombus inside due to a structural defect in the fibers, but continued to perform without a decline in CO2 elimination. The levels of plasma free hemoglobin--a measure of erythrocyte vulnerability to shear stress--did not change over the experiment signifying safe operational conditions over 72 hours.

Artificial lung support systems are medical devices designed to supplement or replace the respiratory function of the natural lung. Extracorporeal membrane oxygenation (ECMO) gained acceptance for treatment of neonatal respiratory failure (37). But it is currently used in adults only in select tertiary-care centers, requires highly trained staff and meticulous patient selection, and is considered complicated and costly 
 ADDIN EN.CITE 

(38,39)
. Gattinoni and colleagues described extracorporeal CO2 removal for the treatment of patients with severe respiratory failure in 1986 (40). Alpard and Zwischenberger developed an extracorporeal arterio-venous CO2 removal (AVCO2R) system using a low resistance ECMO oxygenator for gas exchange, and showed that it permitted reduction in minute ventilation, reduced airway pressure, improved PaO2-to-FiO2 ratio, and improved survival in animal models of ARDS
 ADDIN EN.CITE 

(24,26-28,35)
. Another AVCO2R device, marketed in Europe as the Interventional Lung Assist device (Novalung), has also shown promise as a means for lung rest 
 ADDIN EN.CITE 

(29,41)
. Compared to the Hemolung, currently available AVCO2R devices require a higher blood flow (500-1500 ml/min), and carry a risk of limb ischemia due to arterial cannulation 
 ADDIN EN.CITE 

(33)
. 

The results of our work add to the growing number of reports that found partial extrapulmonary CO2 removal a form of lung-protective strategy via reduction in ventilatory settings. The study by Cardenas using V2CO2R is of particular relevance to our work as it employed a modified veno-venous CO2 removal approach, a single-stick dual-lumen catheter, and a pump (42). In that study, however, a modified ECMO system was used. At comparable blood flows (500 ml/min), it achieved only half the CO2 removal (31 ml/min) we observed in the present study. Optimization of CO2 removal in the Cardenas study was achieved by doubling the blood flow at 1000 ml/min and a 15 L/min sweep gas flow (twice the settings of the present study), reaching 150 ml/min of CO2 elimination (42). Recently a unique veno-venous CO2-removal approach was tested in humans with ARDS, in which a pediatric ECMO system (membrane surface area 0.33m3) was connected in series with a dialysis circuit 
 ADDIN EN.CITE 

(43)
. Tidal volumes were reduced below the 6 ml/kg ARDSnet recommended target, and the resulting respiratory acidosis was successfully managed via the extracorporeal circuit. The authors concluded that their CO2-removal system allowed for safe use of lower-than-customary tidal volumes 
 ADDIN EN.CITE 

(43)
. 

Our study highlights several distinguishing features of the Hemolung when compared to existing devices. These features argue in favour of potential applicability of the Hemolung during en-route care for mechanically ventilated combat casualties with acute lung injury. First, in the present study a 15-Fr. dual-lumen catheter was used which is smaller than most currently used catheters, and permits for a single-stick venous insertion. Avoidance of arterial cannulation is a benefit of this system as it lowers the risk of lower limb ischemia, hemorrhage and systemic thromboembolism. Second, Hemolung insertion and function did not lead to hemodynamic changes as neither heart rate nor blood pressure changed clinically significantly at any time during the experiment. The above features may extend the applicability of this technology to casualties with hemorrhagic shock and trauma. Third, the Hemolung is battery-operated, portable and can be wheeled around with the patient using only ambient air for sweep gas and CO2 removal. These features may make it amenable for use during aero-medical evacuation. 


CO2 removal rates were steady and efficient over the course of the experiment, especially considering the low blood flow rates used. In general CO2 removal is a function of 3 conditions: 1) PCO2, in that an increase in PCO2 leads to an increase in VCO2; 2) sweep gas flow rate (regulated by the user); and 3) blood flow through the device (a function of the catheter size and the device RPM). Because higher RPMs may lead to hemolysis, more efficient gas exchange at lower rates is a desirable alternative. The current study sought to use the Hemolung in conjunction with mechanical ventilation to achieve a “normal” blood gas, defined as arterial oxygen saturation of above 92% and PaCO2 tension of 35-45 mm Hg. Whereas the absence of clinical hypercarbia in the study design limited our ability to explore maximal CO2 elimination, in bench studies conducted by the Hemolung developers (44) theVCO2 capacity of the prototype Hemolung was estimated to be 250 ml/min/m2 at 1500 RPMs assuming a membrane with a 0.4 m2. We expect to challenge the Hemolung for its maximal CO2 removal capacity in a follow-up study involving animals with ARDS.


5.0
CONCLUSIONS


In summary, use of the Hemolung for veno-venous CO2 removal in an uninjured porcine model allowed a significant and sustained reduction in minute ventilation while maintaining normocapnia. The system performed about 50% of ventilatory function via percutaneous venous cannulation with a dual-lumen catheter similar to a dialysis catheter. Gas exchange efficiency was maintained for 72 hours at low flow rates. No pronounced hemodynamic effects upon insertion and operation were observed. Overt erythrocyte destruction, manifested by plasma free hemoglobin levels, was absent. This approach may augment treatment options for patients with various forms of respiratory failure ranging from ARDS, to COPD patients with acute exacerbation, and patients awaiting lung transplant. Because of its ease of use, Hemolung may also make it possible to more rapidly initiate extracorporeal lung support in emergency departments, community hospitals as well as during en-route care and air-evacuation of combat casualties to continental US. 
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NATO faces several challenges if Combat Casualty Care is to be improved further, especially if a smaller �foot print� is one future planning factor. In 45 papers and 29 posters the RTO-HFM 182 symposium on �Use of Advanced Technology and New Procedures in Medical Field Operations� has presented valuable and promising possibilities. Further, this symposium has presented lessons learned especially from Operation Enduring Freedom and Operation Iraqi Freedom. The volcanic eruption on Iceland served as a pertinent reminder of our own vulnerability in addition to the need to identify all limiting factors. To fully evaluate all possibilities and weaknesses more emphasis must be put on robust and relevant indicators. A NATO Trauma Registry would be key.
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Ritchie, J.; Hardin, M.; White, C. et al.






		

Paper 33 - Joint Medical Distance Support and Evacuation - Joint Combat Casualty Care System Concept of Employment
Gilbert, G.; Manemeit, C. 






		

Paper 34 - The Bundeswehr STRATAIRMEDEVAC System - Not presented
Grell, F.






		

Paper 35 - Development and Assessment of a Dual-Mode, Noise-Immune Stethoscope for Combat Environments
Brady, S.; Gaydos, S.; Berry, K.






		

Paper 36 - Operational Use of U.S. Army Telemedicine Information Systems in Iraq and Afghanistan � Considerations for NATO Operations
Poropatich, R.; Lappan, R.; Lam, D. 






		

Paper 37 - Integrated Diagnostic and Treatment Devices for Enroute Critical Care of Patients within Theater
Palmer, R.






		

Paper 38 - Withdrawn





		

Paper 39 - Assessment of the Need to Perform Life-Saving Interventions Using Comprehensive Analysis of the Electrocardiogram and Artificial Neural Networks
Batchinsky, A.; Salinas, J. et al.






		

Paper 40 - Automated Decision-Support Technologies for Prehospital Care of Trauma Casualties
Reifman, J.; Chen, L.; Reisner, A.; Khitrov, M.






		

Paper 41 - Lightweight Noninvasive Trauma Monitor for Early Indication of Central Hypovolemia and Tissue Acidosis
Soller, B.; Ryan, K.; Convertino, V. 






		

Paper 42 - Ultra Wideband Wireless Body Area Network for Medical Applications
Bergsland, J.; Balasingham, I. et al.






		

Paper 43 - Telemicrobiology for Mission Support in the Field of Infectious Diseases
Scheid, P. 






		

Paper 44 - Regenerative Medicine at Early Echelons: Changing Medical Care & Outcomes
Lai, E. 






		

Paper 45 - Medical Equipment Tele -and Condition-Based Maintenance With Enhanced Remote Diagnostic Access (RDA) and Computer Vision

		
Van, D.






		

Paper 46 - The Prospect of Tele-Medicine and Tele-Assistance in Bringing the Neurosurgeon Expertise to Medical Field Operations Worldwide - Not presented
Schulz, C.; Mathieu, R.; Mauer, U-M. et al.






		

Poster P-1 - Sound Spatialization for Medicine on the Battlefield: Applications and Constraints - Not presented
Andéol, G.; Sarafian, D.; Pellieux, L. 






		

Poster P-2 - Current Constructs in Regenerative Medicine for the Craniomaxillofacial Injured Patient - Not presented
Austin, T.; Brown-Baer, P.; Hale, R. 






		

Poster P-3 - Veno-Venous Extracorporeal CO2 Removal: Can We Reduce Dependence on Mechanical Ventilation During En-route Care?
Batchinsky, A.; Jordan, B.; Regn, D. et al.






		

Poster P-4 - Development of Portable Exoskeleton Devices for Rehabilitation/Assistance in the Field - Not presented
Broderick, T.; Carignan, C.; Cardin, S.; Fisher, A.






		

Poster P-5 - Treatment of Refractory Fever in the Burn Intensive Care Unit With an Intravascular Temperature Management Catheter - Not presented
Hansen, J.; DeSocio, DP.; Maani, C.; Morrow, M. et al.






		

Poster P-6 - Prospects for Continuous Care: The Medex 1000� �Suitcase Intensive Care Unit� - Not presented
Janney, D.; Hanson, M. 






		

Poster P-7 - COMBINED with DEMO 3: �Back to the Future� - The Digital Pen and Paper (DPP) - Not presented
Helm, M.; Hauke, J. 






		

Poster P-8 - The Bundeswehr STRATAIRMEDEVAC System - Not presented
Grell, F.; Körner, Strobl 






		

Poster P-9 - The Multidrug-resistant Organism Repository and Surveillance Network (MRSN): the Army�s Response to the Antibiotic Resistance Crisis - Not presented
Lesho, E. 






		

Poster P-10 - Advanced Airway Management in Combat Casualties by Medics at The Point of Injury:  A Sub-Group Analysis of the Reach Study - Not presented
Mabry, R.; Cuniowski, P.; Frankfurt, A. et al.






		

Poster P-11 - Automatic Monitoring of Gut Function & Inflow Control for Safer Enteral Nutrition After Trauma - Not presented
Moss, G. 






		

Poster P-12 - Infection-Associated Clinical Outcomes in Hospitalized Medical Evacuees following Traumatic Injury- Trauma Infectious Disease Outcome Study (TIDOS) - Not presented
Murray, C.; Conger, N.; Fraser, S.  et al.






		

Poster P-13 - Current Practice of Thermoregulation during the Transport of Combat Wounded - Not presented
Nesbitt, M.; Allen, P.; Beekley, A. et al.






		

Poster P-14 - New Stereoscopic Technologies for Practice and Formation to Chirurgical Gesture: Usage Limits - Not presented
Neveu, P.; Priot, A-E.; Philippe, M. et al.






		

Poster P-15 - Surgical Management of Open Fracture of the Limbs by External Fixation and Minimal Internal Fixation - Not presented
Baudouin, Y.; Nguyen, M.; Levadoux, M. et al.












		

Poster P-16 - Flexible Strain Sensing Surface Based on Fiber Optic Sensors for Application in Orthopedic Biomechanics and Rehabilitation - Not presented
Papaioannou, G.; Kanellos, G.; Pleros, N. et al.






		

Poster P-17 - Towards a Novel �SMARTsocket� Design for Lower Extremity Amputees - Not presented
Papaioannou, G.; Mitrogiannis, C.; Nianios, G. et al.






		

Poster P-18 - Advantages of Telemedicine & Endoscopy in Military Operations - Not presented
Pickles, D. 






		

Poster P-19 - Device and Method for Internal Tamponade of Noncompressible Hemorrhage Due to Penetrating Trauma: Device Description and Live Tissue Ballistic Testing - Not presented
Ramsey, M.






		

Poster P-20 - FINSS: A Field-Deployable, Integrated Neuropsychiatric Support System - Not presented
Rapp, P.; USU; Kimura, J.; Cellucci, C. et al.






		

Poster P-21 - Continuous Doppler Ultrasound-Monitoring In Infrainguinal Bypass Procedures Of Combat Vascular Injuries - Not presented
Richter, C.; Böckenfeld, T.; Vogelpohle, M. et al.






		

Poster P-22 - Computerized Decision Support System for Burn Resuscitation Improves Outcomes in Burn Patients - Not presented
Salinas, J.; Kramer, G.; Chung, K. et al.






		

Poster P-23 - Machine Learning Techniques Effectively Predict Need for Life Saving Interventions in Trauma Patients - Not presented
Salinas, J.; Doderer, M.; Cancio, L. et al.






		

Poster P-24 - New Advances to Improve Haemorrhage Control in Role3 and Role2 Settings - Not presented
Schubert, A. 






		

Poster P-25 - High Strength BioCompatible, Hemostatic Tissue Adhesive - Not presented
Shecterle, L.; St.Cyr, J.A. 






		

Poster P-26 - Use of Mirror and Virtual Realty Therapy for Amputee Rehabilitation - Not presented
Tsao, J.; Weeks, S.; Pasquina, P. 






		

Poster P-27 - Current U.S. Military Operations and Implications for Military Surgical Training - Not presented
Tyler, J.; Clive, K.; Whit, C. et al.






		

Poster P-28 - Withdrawn





		

Poster P-29 - The Apache II Score for Lethality Prognosis Can Explain why 4 Severe Wounded Soldiers in Afghanistan Are Not Dead Regarding to the Need of Highly Trained Personnel and Sophisticated Medical Equipment During Strategic Aeromedical Evacuation - Not presented
Vahid Dastgerthi, M. 






		

Poster P-30 - Withdrawn





		

Poster P-31 - A Portable 3D Ultrasound Telemedicine System - Not presented
Sakas, G.; Stergiopoulos, S.; Shek, P. 






		

Sound Spatialization for Medicine on the Battlefield: Applications and Constraints - Not presented
Andéol, G.; Sarafian, D.; Pellieux, L. 






		

Prospects for Continuous Care: The LS-1 �Suitcase Intensive Care Unit� - Not presented
Janney, D.; Hanson, M. 






		

�Back to the Future� - The Digital Pen And Paper (DPP) - Not presented
Helm, M.; Hauke, J.






		

The Bundeswehr STRATAIRMEDEVAC System - Not presented
Körner, Strobl






		

Demo Withdrawn





		

Telemedicine & Endoscopy - Not presented
Pickles, D. 






		

Bundeswehr Telemicrobiology System - Not presented
Scheid, P. 






		

Portable 3D/4D Ultrasound Diagnostic Imaging System (PUDIS) - Not presented
Stergiopoulos, S.; Shek, P. 






		

A Portable 3D Ultrasound Telemedicine System - Not presented
Sakas, G.; Stergiopoulos, S.; Shek, P.






		

Standoff Remote Triage Sensor Array for Robotic Casualty Extraction System - Not presented
Cox, P.;  Cardin, S. 






		

Autonomous Robotic Casualty Extraction - Not presented
Mor, A.; Gilbert, G. 






		

Pathogen Inactivation System, Transportable Pathogen Reduction Blood Safety System - Not presented
Goodrich, R.; Malloy, W. 






		

Medical Simulation-Based Training System for Rapid Trauma Skills Training - Not presented
Buckman, R.; Magee, H. 






		

High-resolution Head Mount Display - Not presented
Wacyk, I.; Magee, H.






		

Common Platform Simulation System - Not presented
Reinig, K.; Magee, H.






		

External Fixation Device for Military Missions Overseas: The French Experience - Not presented
Baudouin, J.
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