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INTRODUCTION 
 
The University of Texas Health Science Center at San Antonio (UTHSCSA) proposed to utilize 
$2,101,000 in congressional funding to work collaboratively with the National Trauma Institute (NTI) 
to build on the establishment of NTI as a national coordinating center for trauma research funding. In 
addition, a forum for dissemination of trauma research information was provided for the trauma 
community through the NTI Annual Trauma Conference. No-cost extensions were approved in 
September 2011 and 2012. A 24-month no-cost extension was approved September 2013. A final 
one-year no-cost extension was requested in June of 2015 and approved by the COR. This final year 
allowed for the last research study to be completed. 
 
BODY 
 
Statement of Work 
A. NTI supported a national coordinating center for trauma research funding. 

 1.  NTI prepared and issued requests for proposals (RFP) based on areas of scientific merit in 
trauma and emergency or critical care. 

 2.  NTI’s Science Committee scored proposals according to scientific merit, clinical impact and 
ability to perform. 

 3.  NTI’s Board updated trauma research subject areas based upon their impact on survival or 
care of patients, existing funding, and funding availability annually. 

 4.   NTI performed award management and compliance activities, including all appropriate 
USAMRMC HRPO requirements. 

 5.   NTI provided research funding for the following proposals that sought to address areas of 
urgent need in the treatment of trauma. 

a)  Timing and Mechanism of Traumatic Coagulopathy, PI - Mitchell Cohen, MD, University 
of California, San Francisco.   

b)  Comparative Effectiveness of Clinical Care Processes in Resuscitation and 
Management of Moderate to Severe Traumatic Injuries.  PI - Shahid Shafi, MPH, MD, 
FACS, Baylor Research Institute 

c)  Characterization of the Effects of Early Sex-Hormone Environment Following Injury, PI - 
Jason L. Sperry, MD, MPH, University of Pittsburgh 

d)  Vasopressin Supplementation during the Resuscitation of Hemorrhagic Shock, PI - 
Carrie Sims, MD, MS, University of Pennsylvania   

 
B. NTI provided a forum for dissemination of trauma research information to the trauma community. 
 
A. National Coordinating Center for Trauma Research Funding:  
 
Tasks 1 and 2: Issuing requests for proposals and performing scientific peer review  
 
NTI’s national request for proposals attracted 85 pre-proposals. The NTI Science Committee invited 
15 to submit full proposals, giving priority to clinical and translational research studies. Final 
proposals were evaluated on the following criteria: relevance to NTI research objectives, scientific 
excellence, clinical relevance and impact, multicenter collaboration, military relevance, innovation, 
potential for follow-on studies, and feasibility of completing the objectives in the funding period. The 
NTI Science Committee conducted scientific peer-review of all research proposals submitted, then 
held a face-to-face meeting in order to evaluate, review, and make final award recommendations. The 
NTI Science Committee ultimately recommended four proposals, and these were approved by the 
NTI Board of Directors for funding. 
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NTI used an online software product to facilitate the submission, management, and review of 
proposals. This web-based system supported reporting, financial tracking, and ongoing 
communication with awardee researchers. Throughout the grant lifecycle, NTI conducted award 
management and compliance tasks related to the studies, including maintenance of the appropriate 
USAMRMC HRPO requirements.  
 
Tasks 3-5: Updating priorities, providing research funding for proposals that address areas of 
urgent need in the treatment of trauma, and performing compliance activities  
 
Project 1:  
Project Title: Timing and Mechanism of Traumatic Coagulopathy  
PI Name: Mitchell Cohen, MD  
PI Institution: University of California, San Francisco  
HRPO: Log#: A-16375.3a  
Participating Centers: a) UTHSC-Houston, Center for Translational Injury Research (CeTIR), Dr. 
Bryan Cotton. HRPO Log# A-16375.b; b) University of California, Berkeley, Adam Hubbard, PhD. 
HRPO Log # A-16375.c  
 
Project Abstract:  
Trauma remains the leading cause of death and disability in patients less than 40 years old. 
Coagulopathy is common following severe trauma and is associated with poor outcome. 
Unfortunately, the mechanisms for clotting problems are poorly characterized and, as a result, 
diagnosis is difficult and treatment options are limited. In addition, there is a newly-described link 
between early coagulopathy and later multiple organ failure (MOF), infection, and mortality. Despite 
this link, the mechanisms for this clotting abnormality, and later inflammation after trauma, are 
unknown. This is clinically important because it is impossible to optimize therapeutic efficacy to 
control bleeding and at the same time minimize the risks of late thrombotic, infectious, and 
inflammatory complications without completely understanding the spectrum of coagulation 
abnormalities seen after injury.  
 
This clinically significant problem was addressed by this study with two inter-related aims. Aim 1 was 
to completely characterize coagulation parameters in severely injured patients by means of a 
prospective, multi-center observational study at two major trauma centers. Aim 2 was to use systems 
biology methods to identify the central mediators involved in the coagulopathic phenotypes after 
trauma and to produce a predictive model to provide decision support to diagnose coagulopathy and 
guide treatment after severe trauma.  
 
Uncontrolled hemorrhage, to which clotting abnormalities contribute, is responsible for the majority of 
trauma related deaths in the first 24 hours. Vast experience gleaned in civilian and military trauma 
centers has confirmed that the initial treatment of the injured must center on a resuscitation protocol 
that prioritizes control of hemorrhage and treatment of coagulopathy and seeks to prevent the late 
inflammatory dysfunction. This study sought to improve understanding of traumatic coagulopathy and 
guide resuscitation toward better patient outcomes.  
 
Results: 
This study, with a total of 317 enrolled participants over 32 months, demonstrated that clinically 
significant platelet dysfunction after trauma exists in the presence of an otherwise reassuring platelet 
count and clotting studies, with profound implications for mortality. Impedance aggregometry reliably 
identifies this dysfunction in injured patients, and admission arachidonic acid and collagen 
responsiveness are significant predictors of both early and late mortality. This study prospectively 
quantified platelet function using multiple electrode aggregometry to identify previously undetected 
platelet dysfunction in trauma patients. The study found that a low Glasgow Coma Score (GCS) was 
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an independent predictor of platelet hypofunction and highlighted the importance of further 
investigation into the link between traumatic brain injury and platelet dysfunction. The clinical 
availability of rapid, point-of-care platelet function testing will lead to improved triage, more 
appropriately targeted therapy, and better outcomes after trauma (Kutcher ME, Redick BJ, McCreery 
RC, et al. 2012; Appendix C). 
 
Acute coagulopathy occurs with massive tissue injury and hypoperfusion and results in both 
impairment of new clot formation and enhanced fibrinolysis in trauma patients. Prior to this study, 
clinical guidelines for treatment of hyper-fibrinolysis (HF) were sparse. When this study was initiated, 
HF was diagnosed with thromboelastography but these devices were not widely available. This study 
addressed a critical gap in scientific knowledge by identifying hypothermia, acidosis, and 
coagulopathy as well as relative thrombocytopenia as predictors of HF. It also identified significant 
depletion of factor V and factor IX as well as elevation of activated protein C, in patients with HF. 
Overall, the study confirmed and extended the literature on the recognition and treatment of HF after 
trauma through specific thromboelastography-based diagnostic criteria, multivariate risk factor 
assessment, and receiver operator characteristics-based clinical guidelines for empiric treatment. 
(Kutcher ME, Cripps MW, McCreery RC, et al. 2012; Appendix D) 
 
Tissue injury leads to the release of damage-associated molecular patterns (DAMP’s) that may drive 
a sterile inflammatory response; however, prior to this study, the role of extracellular histone levels 
after trauma was unexplored. Data from this study demonstrated that extracellular histone levels are 
elevated in response to traumatic injury and correlate with fibrinolysis and systemic anticoagulant 
activation. This study was the first to detail characterization of the patient and injury characteristics 
associated with extracellular histone levels after trauma and the first to demonstrate a correlation with 
activated protein C (aPC). These findings highlighted the parallels between mechanisms of pathogen-
induced sepsis and those underlying the sterile inflammatory response to trauma, suggesting that 
insights and therapies from the critical care and sepsis literature may be applicable earlier in the 
hospital course to the care of the acutely injured trauma patient. (Kutcher ME, Xu J, Vilardi RF, et al. 
2012; Appendix A) 
 
The importance of specific clotting factor abnormalities to the complex phenomenon of acute 
traumatic coagulopathy is poorly understood. As part of this study, the research team investigated the 
use of principal component analysis (PCA) as a mathematical tool to more clearly identify and 
examine the clotting factor relationships underlying clinical patterns and correlate these with 
outcomes among critically injured patients. Results suggested that PCA accurately identifies patterns 
embedded in the complex milieu of the coagulation cascade. The independent consumptive and 
fibrinolytic components identified showed robust correlation with patient-level outcomes. (Kutcher ME, 
Ferguson AR, Cohen MJ. 2013; Appendix F) 
 
At the time this study was initiated, identification and characterization of which massively transfused 
trauma patients die of anatomically nonsurvivable injury versus which patients exsanguinate from 
anatomically survivable injury versus which patients survive initially only to perish from late 
physiological collapse hadn’t been performed. This study expanded previous research on the 
potential survivability of deaths on the battlefield by separating the potentially survivable cause of 
death into hemorrhage, early physiologic collapse and late physiologic collapse among severely 
injured civilian patients.  (Cripps MW, Kutcher ME, Daley A, et al. 2013; Appendix G) 
 
Mounting evidence on the benefits of hemostatic resuscitation has led to a renewed interest in whole 
blood (WB) and reconstituted WB (RWB), however, there were few data characterizing the clotting 
profiles of these variants. As part of this study, Kornblith et al. characterized extensive factor-level 
and functional profiles of banked nonmodified and modified variants of RWB. (Kornblith LZ, Howard 
BM, Cheung CK, et al. 2014; Appendix H)  
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The researchers also investigated differences in longitudinal clotting factor levels in a cohort of 
trauma patients who were not transfused to establish an early natural history of coagulation and 
longitudinal changes in coagulation profiles in transfused trauma patients. This was the first “natural 
history” study of longitudinal clotting factors after severe injury.  The data showed that targeting ratios 
of red blood cells (RBC) and fresh frozen plasma (FFP) to RBC:FFP ≤ 1.5:1 leads to earlier correction 
of prothrombin time and partial thromboplastin time and earlier and prolonged repletion of specific 
clotting factor deficits compared with higher ratio transfusion strategies. (Kutcher ME, Kornblith LZ, 
Vilardi RF, et al. 2014; Appendix K) 
 
Dr. Cohen and his research team presented and published the results of this study in multiple 
venues—see the Reportable Outcomes section. 
 
 
Project 2:  
Project Title: Comparative Effectiveness of Clinical Care Processes in Resuscitation and  
Management of Moderate to Severe Traumatic Injuries  
PI Name: Shahid Shafi, MPH, MD, FACS  
PI Institution: Baylor Research Institute  
HRPO: Log#A-16375.2a  
Participating Centers: University of Texas Health Science Center, Houston, HRPO Log#16375.2c; 
University of California at Los Angeles HRPO Log# A-16375.2d; Massachusetts General Hospital 
HRPO Log# A-16375.2e 
 
Project Abstract:  
Injured patients treated at designated trauma centers are more likely to survive than patients treated 

at non-designated hospitals. However, the PI of this project had earlier demonstrated that risk-

adjusted mortality rates are highly variable across trauma centers despite availability of similar 

resources as ensured by their designation. Donabedian principles of quality management suggest 

that outcomes depend upon institutional structures and processes. If trauma centers have similar 

structures, then variable outcomes are likely related to variations in clinical care processes.  

The hypothesis for this study was that clinical care processes for management of trauma patients are 

variable across centers, and specific processes that improve patient outcomes can be identified. Also, 

it was hypothesized that processes that increase costs without improving outcomes can be 

determined. This was a multicenter retrospective study of four Level I trauma centers over three years 

that serve a diverse population exceeding 13 million. Adult patients with moderate to severe injuries 

were included (n=3,107, 2006-2010). Clinical care processes related to initial assessment, 

resuscitation, hemorrhage control, operative care, critical care, and rehabilitation, as well as patient 

outcomes (in-hospital mortality, complications, length of stay, hospitalization costs) were measured. 

Compliance with 22 trauma-specific Processes of Care (T-POC) was measured. The association 

between compliance with T-POC and patient outcomes was measured after adjusting for patient 

demographic and clinical characteristics. 

The specific aims of the study were as follows: Specific Aim 1: To identify processes of care that are 
independent predictors of risk-adjusted outcomes (mortality, complications, costs, length of stay). 
Specific Aim 2: To measure variations in practices, and their associated costs, between and within 
institutions. Specific Aim 3: To calculate the potential impact of improved adoption of processes of 
care identified in Specific Aim 1 on patient outcomes. This study was conducted in two phases. The 
first phase was a retrospective review at one trauma center of a random sample of 1,000 trauma 
patients that hypothesized that improved compliance with trauma-specific clinical processes of care is 
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associated with reduced in-hospital mortality. Additional analyses of this cohort sought to identify 
patients least likely to receive optimal care.  
 

Results: The first phase of this study focused on 1,000 trauma patients at one trauma center. Study 
findings demonstrated large variations in clinical practice resulting in inadequate compliance with 
several commonly recommended clinical T-POC that are necessary for optimal management of 
trauma patients. Study patients were eligible for a total of 2,603 trauma processes of care (T-POC), of 
which only 1,515 (58%) were provided to the patients. Compliance was highest for T-POC involving 
resuscitation (83%) and was lowest for neurosurgical interventions (17%). (Shafi S, Rayan N, Barnes 
SA, et al. 2012; Appendix O) 
 

In the second phase of the study, a retrospective observational study was conducted at 4 Level 1 

trauma centers. Median compliance score with T-POC was 80 (interquartile range, 50-100). 

Compliance with each T-POC ranged from as low as 13% to as high as 95%. There were wide 

variations in practices between centers and within each center. After adjusting for patient 

demographics and injury severity, each 10% increase in compliance with T-POC was associated with 

a 12.5% reduction in the risk of death, 4.3% increase in hospital length of stay, 4.6% increase in 

direct costs, and 9% increase in risk of complications. Compliance with recommended T-POC 

remains suboptimal at trauma centers with significant variations in clinical practices. Improved 

adoption of recommended care may reduce mortality but will likely increase costs and complications. 

(Rayan N, Barnes SA, Fleming N, et al. 2012; Appendix P) (Shafi S, Barnes SA, Rayan N, et al. 

2014; Appendix Q)  

 

Dr. Shafi presented and published the results of this study in multiple venues—see the Reportable 

Outcomes section. 

 
Project 3:  
Project Title: Characterization of the Effects of Early Sex-hormone Environment Following Injury 
Principal Investigator: Jason L. Sperry, MD, MPH 
Site: University of Pittsburgh 
HRPO: Log#: A-16375.1 
 
Project Abstract: 
Although significant advances in the care of the injured patient have occurred over the last decade, 
those who survive their initial injury continue to be plagued with the development of multiple organ 
failure and sepsis and their attributable morbid effects. One important and persistent finding has been 
that males and females respond differently following traumatic injury and hemorrhagic shock, with a 
relative protection afforded to females. A large body of literature has evolved attempting to elucidate 
the mechanisms responsible for these differences; however, a significant divide continues to exist 
between what experimental animal investigations have revealed and what has been shown clinically 
in humans. The ultimate elucidation of the mechanisms responsible for these outcome differences will 
allow future risk factors and therapeutic targets to be discovered and characterized, having significant 
potential to improve outcomes in both males and females following injury. The early sex-hormone 
environment may help shape or determine the intensity of the early inflammatory response that 
follows injury and may provide a predisposition toward maintenance of any excessive or inadequate 
response once initiated. Similarly, the early sex-hormone environment may affect the need for 
resuscitation or blood component transfusion, and knowledge of this early hormonal milieu may allow 
those patients at highest risk of poor outcome post-injury to be identified.  
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The overarching goal of this study was to further characterize and investigate the early sex-hormone 
environment following injury and the associations of early estrogen and testosterone levels with the 
strength of the innate immune response, the coagulation response, resuscitation requirements, and 
clinical outcomes following injury. As few effective interventions exist to alter the morbidity and 
mortality that inherently follow traumatic injury, investigation into novel mechanisms that may result in 
a protective effect can provide a route to reduce these sequelae post-injury. 
 
Results:   
This study characterized an X chromosome-linked IL-1 receptor-associated kinase (IRAK-1) 
polymorphism as an alternative mechanism responsible for sex differences post-injury. IRAK-1 is a 
key intermediate in the Toll-like receptor (TLR) pathway thought to drive inflammation post-injury. In a 
cohort of 288 subjects enrolled in 2011-2012, the prevalence of the IRAK-1 variant was 12.5%. 
Subjects with and without the variant were similar in age, injury severity, and 24-hour blood 
transfusion. After controlling for important confounders, the IRAK1 variant was independently 
associated with over a six-fold (OR 6.4; 95% CI1.8-23) and five-fold (OR 5.8; 95% CI1.4-24) greater 
risk of multiple organ failure (MOF) and mortality, respectively. These differences were most 
prominent in males, while females heterozygous for the variant demonstrated worse outcome in a 
dose-dependent fashion. Thus, the IRAK1 polymorphism is a strong independent predictor of MOF 
and mortality post-injury and represents a common variant with prognostic potential. These data 
demonstrate the importance of TLR signaling post-injury and support that a genetic mechanism may 
drive gender outcome differences post-injury. (Zolin SJ, Vodovotz Y, Forsythe RM, et al. 2015: 
Appendix V) 
 
Additional funding was provided by NTI though W81XH-11-1-0841; and a larger cohort of 321 
subjects allowed the use of Multiple Organ Failure (MOF) and nosocomial infections (NI) as the 
outcomes of interest and provided appropriate power for the analysis. The results demonstrated that 
despite a paucity of sex-specific differences in a moderate-sized blunt injury cohort of patients, the 
evolving sex hormone environment after injury is associated with both clinical outcome and innate 
immune response differences. Rising total testosterone levels at six hours post-injury were 
significantly associated with more than a five-fold and two-fold higher independent risk of MOF and 
NI, respectively. Concurrently, estrogen levels were found to be strongly associated with detrimental 
clinical outcome at the delayed 24-hour period alone. (Sperry JL, Zolin S, Zuckerbraum BS, et al. 
2014: Appendix S) 
 
Dr. Sperry presented and published the results of this study in multiple venues—see the Reportable 
Outcomes section. 
 
 
Project 4:  
Project Title: Vasopressin Supplementation during the Resuscitation of Hemorrhagic Shock  
PI Name: Carrie Sims, MD, MS  
PI Institution: University of Pennsylvania  
HRPO: Log # A-16375.4     
 
Project Abstract:  
Trauma remains the leading cause of death for those under the age of forty in the United States, with 
a large percentage of patients dying from hemorrhagic shock within the initial hours after a severe 
injury. Although aggressive treatment with intravenous fluids and blood products has been the gold 
standard, massive resuscitation profoundly alters the neuroendocrine milieu needed to maintain 
vasomotor tone and is associated with the development of a vasopressin deficiency. Vasopressin is a 
critical hormone needed for blood pressure support during shock, and low levels are associated with 
recalcitrant hypotension, increased transfusion requirements, and additional morbidity. Although high 

9



dose vasopressin supplementation has been shown to improve blood pressure, decrease blood loss 
and improve survival in animal models of lethal hemorrhage, clinical studies investigating vasopressin 
are limited to case reports, with no prospective clinical studies to date. The goal of this research was 
to develop targeted interventions to address hemorrhagic shock. The pilot study (Vasopressin 
Supplementation during the Resuscitation of Hemorrhagic Shock – the AVERT Shock Trial) 
evaluated the clinical applicability of using the biomarker copeptin for predicting the need for 
resuscitation resources and as a means of monitoring the development of vasopressin deficiency. 
Identifying and targeting neuroendocrine deficiencies during the resuscitation of trauma patients is a 
novel approach to ameliorate the profound hypotension seen in late stage shock; limiting the need for 
aggressive volume and blood product resuscitation and decreasing the incidence of resuscitation 
associated complications.  
 
Results: 
Because this study required an Exception from Informed Consent (EFIC), an extensive community 
consultation process was undertaken, with interviews conducted with 309 trauma patients, their family 
members and geographic community members. In addition, seven focus groups were held at 
community-based organizations in the neighborhood surrounding the Level 1 trauma center in order 
to assess and incorporate the community’s perspective into the research design. Trauma patients, 
their family members and community members expressed a high degree of support for the AVERT 
Shock Trail, EFIC and emergency research in general. By allowing participants the opportunity to ask 
questions and provide direct feedback to the research team via focus groups and semi-structured 
interviews, the trauma community became “partners” in the research process. This method of 
community consultation may have contributed to the overwhelming support of the AVERT Shock 
Trial. (Sims CA, Isserman JA, Holena D, et al. 2013: Appendix Y) 
 
In a subset of these participants (n=179), the research team calculated proximity to violence (distance 
from home address zip code to violence hot spot zones in the surrounding community) and examined 
whether race, socioeconomic status and closer proximity to violence were correlated with attitudes 
toward the AVERT Shock Study and skepticism of EFIC research. There was no correlation between 
AVERT attitude/willingness scores and race, sex, age, income or status as a trauma patient. 
Proximity to violence did not correlate with perception of EFIC, willingness to participate in emergency 
research or violent mechanism of injury. (Maher, Z, Grill, EK, Smith, BP, Sims, CA. 2015: Appendix 
AA) 
 
The AVERT Shock Trial concluded trauma patient participant enrollment and data collection in 
September 2016 (n=100). Currently, Dr. Sims is analyzing the clinical study data.   
 
Dr. Sims and her colleagues presented and published the initial results of this study pertaining to 
study design, the EFIC process and the influence of proximity to violence on community attitudes 
toward EFIC in multiple venues—see the Reportable Outcomes section. 
 
 
B. Provide a Forum for Dissemination of Research Outcomes to the Trauma Community.  
 
The 16th National Trauma Institute Annual Symposium was held August 30-September 1, 2010. 
There were more than 400 attendees: 45% military and 55% civilian. Attendees included physicians, 
nurses, and pre-hospital care providers from 28 states. Up to 15.5 hours of AMA PRA Category 1 
Credits or Continuing Nursing Education credits were offered, and more than 100 speakers made 
pro/con style presentations in both general and breakout sessions.  
 
The general sessions included PTSD and Provider Resiliency, Traumatic Brain Injury, and 
Resuscitation. The concurrent breakout sessions included Trauma Critical Care/Emergency 
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Medicine/Anesthesia, Craniofacial Trauma, Neurosurgery, Orthopedic Trauma, Trauma, 
Nursing/Allied Health, and Burn Surgery.  
 
A three-hour Advanced Airway Workshop (AAW) was also held with 100 attendees--38% military and 
62% civilian—following the symposium. This AAW included live demonstrations on manikins and 
adjunct materials that mimicked the difficult airway. The attendees rotated through 13 learning 
stations and utilized various fiber optic intubating devices, practiced surgical airway approaches, and 
used video laryngoscopes and supraglottic airway devices.  
 
 
KEY RESEARCH ACCOMPLISHMENTS  
 
Project 1:  
Project Title: Timing and Mechanism of Traumatic Coagulopathy  
 
This study advanced the science of traumatic coagulopathy by characterizing coagulation parameters 
in severely injured patients and using systems biology methods to identify the central mediators 
involved in the coagulopathic phenotypes after trauma and to produce a predictive model to provide 
decision support to diagnose coagulopathy and guide treatment after severe trauma. Key research 
accomplishments were: 
 

 First characterization of Acute Traumatic Coagulopathy (ATC) 

 First principle component analysis of drivers of traumatic coagulopathy after injury 

 First advanced dynamic statistical models of coagulopathy after injury 

 First measurement of the effect of plasma based resuscitation on coagulation and outcome 
after injury 

 First “natural history” study of longitudinal clotting factor levels after severe injury 

 The study findings supported the empiric treatment of fibrinolysis in patients with trauma who 
present with acidosis, hypothermia, coagulopathy, and relative thrombocytopenia as a strategy 
for appropriately sensitive empiric treatment in clinical settings in which thromboelastography 
and other advanced diagnostic equipment is unavailable  

 
This study also produced a presentation (Kornblith LZ, et al. 2014) that was the winner of the Earl 
Young Competition at the 2014 Western Trauma Association annual meeting. 
 
Project 2:  
Project Title: Comparative Effectiveness of Clinical Care Processes in Resuscitation and 
Management of Moderate to Severe Traumatic Injuries  
 
This was the first multicenter study to measure compliance with commonly recommended care at four 
trauma centers and to assess the association between trauma-specific clinical process of care (T-
POC) compliance and patient outcomes. Key research accomplishments were: 
 

 Median compliance score was 80 (inter-quartile range, 50 to 100). This indicates that half of 
the patients in the study received less than 80% of the recommended care.  

 There were differences in compliance between the four centers, with median compliance score 
ranging from 67 to 100.  

 Compliance with each process of care ranged from as low as 13% for thoracotomy in ED to as 
high as 95% for endotracheal intubation. There were wide variations in compliance with 
specific processes between centers and within each center.  
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 Each 10% increase in compliance with recommended care was associated with 12.5% 
reduction in mortality after accounting for patient demographics and injuries.  

 Each 10% increase in compliance score was associated with a 4.3% increase in hospital 
length of stay, 4.6% increase in direct costs, and 9% increase in the risk of complications.  

 Compliance with 11 specific processes was associated with reduced risk of mortality, while 
none was associated with increased risk of death.  

 Full compliance with the 22 processes of care included in this study could potentially save 128 
lives, an overall 56% reduction in mortality in the entire study population from 11.5% to 6.6%.  

 
 
Project 3:  
Project Title: Characterization of the Effects of Early Sex-hormone Environment Following Injury 
 
Key research findings of this study that further characterize the early sex-hormone environment 
following injury and the associations of early estrogen and testosterone levels with the strength of the 
innate immune and coagulation responses, resuscitation requirements, and clinical outcomes were: 
 

 The IRAK1 polymorphism is a strong independent predictor of MOF and mortality post-injury. 

 The evolving sex hormone environment after injury is associated with both clinical outcome 
and innate immune response differences. 

 Rising total testosterone levels at six hours post-injury are significantly associated with more 
than a fivefold and twofold higher independent risk of MOF and NI, respectively. 

 Estrogen levels are strongly associated with detrimental clinical outcome at the delayed 24-
hour period. 

 
Project 4:  
Project Title: Vasopressin Supplementation during the Resuscitation of Hemorrhagic Shock  
 
Key research accomplishments regarding use of Exception from Informed Consent (EFIC) were: 
 

 Roughly 29% of participants in semi-structured interviews or focus groups regarding EFIC had 
previously participated in a clinical study and only 4-6% had been asked to consent on behalf 
of another person.  

 When asked who would be the best person to consent on their behalf for an emergency 
research trial, the majority (93-96%) listed a family member.  

 The overwhelming majority supported the need for more research in trauma (95-99%) and 
indicated that the AVERT Shock Trial was an important study to perform (95-99%).  

 
Dr. Sims received the American College of Surgeons Jacobson Promising Investigator Award in 2014 
for her AVERT presentation titled “Novel Resuscitative Strategies”. 
 
 
REPORTABLE OUTCOMES 
  
Project 1:  
Project Title: Timing and Mechanism of Traumatic Coagulopathy  
 
Cohen MJ. Mechanisms of Acute Traumatic Coagulopathy. Advanced technology applications to 
combat casualty care (ATACCC), St. Petersburg FL, August 18, 2011. 
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Kutcher ME, Xu J, Vilardi RF, Ho C, Esmon CT, Cohen MJ. DAMPened Inflammation: Extracellular 
histone release in response to traumatic injury: Implications for a compensatory role of activated 
Protein C. Presented at Western Trauma Association Annual Meeting, Vail CO, February 2012. 
(Appendix A) 
 
Narayan R, Curd, V, Singh T, Dailey A, McCreery RC, Xu J, Crane IM, Greenberg MD, Nelson MR, 
Knudson MM, Fiebig E, Kutcher ME, Cohen MJ. Timing and clinical accuracy of massive transfusion 
protocol activation. Presented at Pacific Coast Surgical Association Annual Meeting, Napa CA, 
February 2012. (Appendix B) 
 
Kutcher ME, Redick BJ, McCreery RC, Crane IM, Greenberg MD, Cachola LM, Nelson MR, Cohen 
MJ. Characterization of platelet dysfunction after trauma. J Trauma Acute Care Surg. 2012 
Jul;73(1):13-9.  (Appendix C) 
 
Kutcher ME, Cripps MW, McCreery RC, Crane IM, Greenberg MD, Cachola LM, Redick BJ, Nelson 
MF, Cohen MJ. Criteria for empiric treatment of hyperfibrinolysis after trauma. J Trauma Acute Care 
Surg. 2012 Jul;73(1):87-93. (Appendix D) 
 
Kutcher ME, Ferguson AR, Cohen MJ. The principal components of acute traumatic coagulopathy. 
Oral presentation at the American Association for the Surgery of Trauma Meeting (AAST) 2012 
Annual Conference, Kauai HI, September 12, 2012. (Appendix E) 
 
Kutcher ME, Xu J, Vilardi RF, Ho C, Esmon CT, Cohen MJ. Extracellular histone release in response 
to traumatic injury: Implications for a compensatory role of activated protein C.  J Trauma Acute Care 
Surg. 2012 Dec;73(6):1387-92. (Appendix A) 
 
Kutcher ME, Ferguson AR, Cohen MJ. A principal component analysis of coagulation after trauma. J 
Trauma Acute Care Surg. 2013; 74(5): 1223-1230. (Appendix F) 
 
Cripps MW, Kutcher ME, Daley A, McCreery RC, Greenberg MD, Cachola LM, Redick BJ, Nelson 
MF, Cohen MJ. Cause and timing of death in massively transfused trauma patients. J Trauma Acute 
Care Surg. 2013; 75(2), Supp 2: S255-S262. (Appendix G) 
 
Kornblith LZ, Howard BM, Cheung CK, Dayter Y, Pandey S, Busch MP, Pati S, Callcut RA, Vilardi 
RF, Redick BJ, Nelson MF, Cohen MJ. The whole is greater than the sum of its parts: Hemostatic 
profiles of whole blood variants. Oral presentation at the Western Trauma Association (WTA) 2014 
Annual Conference, Steamboat Springs, CO, March 5, 2014. (Appendix H) 
  
Cohen MJ, Howard BM, Kornblith LZ, Redick BJ, Mann K, Orfeo T, Vilardi RF, Nelson MF, Brummel-
Ziedins K. Computational modeling of thrombin generation in trauma. Poster presentation at 2014 
Military Health System Research Symposium (MHSRS), Ft. Lauderdale, Florida, August 19, 2014. 
(Appendix I) 
 
Kornblith LZ, Kutcher M, Howard BM, Vilardi RF, Redick BJ, Nelson MF, Cohen MJ. The natural 
history and effect of resuscitation ratio on coagulation after trauma. Poster presentation at 2014 
Military Health System Research Symposium (MHSRS), Ft. Lauderdale, Florida, August 19, 2014. 
(Appendix J) 
 
Kutcher ME, Kornblith LZ, Vilardi RF, Redick BJ, Nelson MF, Cohen MJ. The natural history and 
effect of resuscitation ratio on coagulation after trauma: A prospective cohort study. Ann Surg 2014; 
260(6): 1103-1111. (Appendix K) 
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Kornblith LZ, Howard BM, Cheung CK, Dayter Y, Pandey S, Busch MP, Pati S, Callcut RA, Vilardi 
RF, Redick BJ, Nelson MF, Cohen MJ. The whole is greater than the sum of its parts: Hemostatic 
profiles of whole blood variants. J Trauma Acute Care Surg. 2014; 77(6): 818-827. (Appendix H) 
 
Kornblith LZ, Cohen MJ. Letter to the Editor Response: The whole is greater than the sum of its parts: 
Hemostatic profiles of whole-blood variants.  J Trauma Acute Care Surg. 2014; 77(6): 1003-1004. 
(Appendix L) 
 
 
Project 2:  
Project Title: Comparative Effectiveness of Clinical Care Processes in Resuscitation and 
Management of Moderate to Severe Traumatic Injuries  
 
Shafi S, Rayan N, Barnes SA, Fleming N, Gentilello LM, Ballard D. Trauma core measures: Clinical 
processes that improve patient outcomes. Oral presentation at the American Association for the 
Surgery of Trauma (AAST) 2010 annual meeting, Boston, MA, September 2010. (Appendix M)   
 
Rayan N, Barnes SA, Fleming N, Kudyakov R, Ballard D, Gentilello L, Shafi S. Barriers to evidence 
based care in trauma. Oral presentation at the American Association for the Surgery of Trauma 
(AAST) 2011 annual meeting, Chicago, IL, September 2011. (Appendix N) 
 
Shafi S, Rayan N, Barnes SA, Fleming N, Gentilello LM, Ballard D. Moving from “optimal resources” 
to “optimal care” at trauma centers.  J Trauma Acute Care Surg, 2012. Vol.72(4): 870-877. (Appendix 
O) 
 
Rayan N, Barnes SA, Fleming N, Kudyakov F, Ballard D, Bentilello LM, Shafi S. Barriers to 
compliance with evidence-based care in trauma. AAST 2011 Plenary Paper. Journal of Trauma, 
2012. Vol. 72(3): 585-593. (Appendix P) 
 
Shafi S, Barnes SA, Rayan N, Kudyakov R, Foreman M, Cryer HG, Alam HB, Hoff W, Holcomb J. 
Compliance with recommended care at trauma centers: association with patient outcomes. Journal of 
the American College of Surgeons, 2014, August Vol. 219(2): 189-198. (Appendix Q)  
 
 
Project 3:  
Project Title: Characterization of the Effects of Early Sex-hormone Environment Following Injury 
 
Sperry JL, Zuckerbraun BS, Zolin S, Vodovotz Y, Namas R, Peitzman AB Ferrell RE, Billiar TR.  X-
Chromosome linked IRAK1 polymorphism is strong predictor of multiple organ failure and mortality 
post-injury. Presented at the 134th Annual Meeting of the American Surgical Association, Boston MA, 
April 12, 2014. (Appendix R) 
  
Sperry JL, Zolin S, Zuckerbraum BS, Vodovotz Y, Namas R, Neal MD, Ferrell RE, Rosengart MR, 
Peitzman AB, Billiar TR. X-Chromosome linked IRAK1 polymorphism is strong predictor of multiple 
organ failure and mortality post-injury. Ann Surg. 2014. Vol. 260(4) 698-705. (Appendix S) 
 
Zolin SJ, Vodovotz Y, Forsythe RM, Rosengart M, Namas R, Peitzman AB. Billiart TR, Sperry JL. The 
early evolving sex hormone environment is associated with significant clinical outcome and 
inflammatory response differences post-injury. Oral presentation at the American Association for the 
Surgery of Trauma (AAST) 2014 annual meeting, Philadelphia, PA, September 2014.  (Appendix T) 
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Sperry JL, Zhou T, Zolin S, Peitzman AB, Billiar TR. Sex based thromboelastography disparities post-
injury: Independently different early on but why? Presented at the 28th Eastern Association for the 
Surgery of Trauma (EAST) Annual Scientific Assembly, Lake Buena Vista, FL, January 13-17, 2015.  
(Appendix U) 
 
Zolin SJ, Vodovotz Y, Forsythe RM, Rosengart MR, Namas R, Brown JB, Peitzman AB, Billiar TR, 
Sperry JL. The early evolving sex hormone environment is associated with significant outcome and 
inflammatory response differences after injury. J Trauma Acute Care Surg, 2015, Vol. 78(3): 451-458. 
(Appendix V) 
 
Project 4:  
Project Title: Vasopressin Supplementation during the Resuscitation of Hemorrhagic Shock  
 
Sims CA, Isserman JA, Holena D, Sundaram LM, Tolstoy N, Greer S, Sonnad S, Pascual J, Reilly P. 
Exception from informed consent for emergency research: Consulting the trauma community. 
Presented at the American Association for the Surgery of Trauma Meeting (AAST) 2012 Annual 
Conference, Kauai HI, September 12, 2012. (Appendix W) 
 
Greer SE, Speck RM, Sundaram LM, Isserman J, Nathanson PG, Sonnad S, Sims CA. The 
community speaks: Analyzing attitudes about the Avert Shock trial and exception from informed 
consent (EFIC) in emergency research. Presented at Association for Academic Surgery and Society 
of University of Surgeons (ASC) 8th Annual Academic Surgical Congress, New Orleans LA, 
February, 2013. (Appendix X)  
 
Greer SE, Speck RM, Sundaram LM, Isserman J, Nathanson PG, Sonnad S, Sims CA. The 
community speaks: Analyzing attitudes about the Avert Shock trial and exception from informed 
consent (EFIC) in emergency research. J of Surg Res. 2013:179(2): 337. (Appendix X) 
 
Sims CA, Isserman JA, Holena D, Sundaram LM, Tolstoy N, Greer S, Sonnad S, Pascual J, Reilly P. 
Exception from informed consent for emergency research: Consulting the trauma community. J 
Trauma Acute Care Surg. 2013;74(1): 157-166. (Appendix Y) 
 
Maher, Z. AVERT shock trial presented at the University of Pennsylvania Injury Research and 
Prevention Symposium, poster, April 9, 2014.  
 
Maher, Z. AVERT shock study presented at the University of Pennsylvania Emergency Medicine 
Research Symposium, poster, April 9, 2014.  
    
Smallwood, A. AVERT Trial presented at the 2014 Pennsylvania Committee on Trauma Paper 
Competition, Harrisburg, PA, October 22-24, 2014.   
 
Sims, CA. Novel Resuscitative Strategies presented at the American College of Surgeons Clinical 
Congress, San Francisco, CA, October, 2014.  
 
Sims, CA. AVERT Trial presented at the American Heart Association Resuscitation Science 
Symposium (AHA ReSS) meeting, Chicago, IL, November, 2014 (pro con debate about vasopressors 
during the resuscitation of hemorrhagic shock).  
 
Maher, Z, Grill EK, Smith BP, Sims CA. Does proximity to violence negatively influence attitudes 
toward exception from informed consent in emergency research? Presented at the Eastern 
Association for the Surgery of Trauma (EAST) Scientific Assembly, Orlando, FL, January 16, 2015. 
(Appendix Z) 

15



 
Maher, Z. AVERT Shock Trial presented at Shock Trauma Surgical Grand Rounds, Rutgers Surgical 
Grand Rounds, February, 2015. 
 
Maher, Z. AVERT Shock Trial presented at Pennsylvania Acute Research Collaboration as a work in 
progress, February 2015. 
 
Maher, Z, Grill, EK, Smith, BP, Sims, CA. Does proximity to violence negatively influence attitudes 
toward exception from informed consent in emergency research? J Trauma Acute Care Surg. 
2015:79(3): 364-371. (Appendix AA) 
 
 
Overall Research Effort 
 
Jenkins, DH. Impact of Department of Defense Funded Research to the National Trauma Institute. 
Presented at the Military Health System Research Symposium, Orlando FL, August 17, 2016. 
(Appendix AB) 
 
National Trauma Institute Research Group, Price MA, Beilman GJ, Fabian TC, Hoyt DB, Jurkovich 
GJ, Knudson MM, MacKenzie EJ, Marshall VS, Overton KE, Peitzman AB, Phillips MJ, Pruitt BA, 
Smith SL, Stewart RM, Jenkins DH. The National Trauma Institute: Lessons learned. Presented at 
the University of Texas Health Science Center at San Antonio, Department of Surgery, Research 
Resident Conference, San Antonio TX, March 24, 2016. (Appendix AC) 
 
CONCLUSION 
 
The University of Texas Health Science Center at San Antonio (UTHSCSA) proposed to utilize 
$2,101,000 in congressional funding to work collaboratively with the National Trauma Institute (NTI) 
to build on the establishment of NTI as a national coordinating center for trauma research funding. In 
addition, a forum for dissemination of trauma research information was provided for the trauma 
community through the NTI Annual Trauma Conference. Over the last six years, four trauma research 
studies have been completed across nine academic trauma centers enrolling a total of 3,817 trauma 
patients as study participants. In total, this award resulted in 15 scholarly articles and 25 
presentations at local, state and national trauma association/professional meetings.  
 
Findings from these studies advanced scientific knowledge and best practices in the areas of timing 
and mechanism of traumatic coagulopathy, compliance with and comparative effectiveness of trauma 
specific processes of care in resuscitation and management of moderate to severe traumatic injuries,   
characterization of the effects of the early sex-hormone environment following injury, and community 
attitudes pertaining to exception form informed consent for emergency research.  
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APPENDICES 
 
Appendices A – AC follow in the order they are listed in the Reportable Outcomes section.  
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Extracellular histone release in response to traumatic injury:
Implications for a compensatory role of activated protein C

Matthew E. Kutcher, MD, Jun Xu, PhD, Ryan F. Vilardi, BS, Coral Ho, MSc, Charles T. Esmon, PhD,
and Mitchell Jay Cohen, MD, San Francisco, California

BACKGROUND: Tissue injury leads to the release of DAMPs (damage-associated molecular patterns) that may drive a sterile inflammatory
response; however, the role of extracellular histone levels after traumatic injury remains unexplored. We hypothesized that
extracellular histone levels would be increased and associated with poor outcomes after traumatic injury.

METHODS: In this prognostic study, plasma was prospectively collected from 132 critically injured trauma patients on arrival and 6 hours
after admission to an urban Level I trauma intensive care unit. Circulating extracellular histone levels and plasma clotting
factors were assayed and linked to resuscitation and outcome data.

RESULTS: Of 132 patients, histone levels were elevated to a median of 14.0 absorbance units (AU) on arrival, declining to 6.4 AU by
6 hours. Patients with elevated admission histone levels had higher ISS (Injury Severity Score), lower admission GCS
(Glasgow Coma Scale) score, more days of mechanical ventilation, and higher incidences of multiorgan failure, acute lung
injury, and mortality (all p e 0.05). Histone levels correlated with prolonged international normalized ratio and partial
thromboplastin time, fibrinolytic markers D-dimer and tissue-type plasminogen activator, and anticoagulants tissue factor
pathway inhibitor and activated protein C (aPC; all p G 0.03). Increasing histone level from admission to 6 hours was a
multivariate predictor of mortality (hazard ratio, 1.005; p = 0.013). When aPC level trends were included, the impact of
histone level increase on mortality was abrogated (p = 0.206) by a protective effect of increasing aPC levels (hazard ratio,
0.900; p = 0.020).

CONCLUSION: Extracellular histone levels are elevated in response to traumatic injury and correlate with fibrinolysis and activation of
anticoagulants. An increase in histone levels from admission to 6 hours is predictive of mortality, representing evidence of
ongoing release of intracellular antigens similar to that seen in sepsis. Concomitant elevation of aPC abrogates this effect,
suggesting a possible role for aPC in mitigating the sterile inflammatory response after trauma through the proteolysis of
circulating histones. (J Trauma Acute Care Surg. 2012;73: 1389Y1394. Copyright* 2012 by Lippincott Williams &Wilkins)

LEVEL OF EVIDENCE: Prognostic study, level III.
KEY WORDS: Trauma; DAMPs; histones; protein C.

Intuitive parallels exist between the systemic inflammatory
responses seen in sepsis, ischemia-reperfusion, and trauma,

and there is growing recognition of an underlying cross talk
between systemic inflammation and the coagulation system
that unites all of these phenomena.1 As a canonical example,
the tissue injury and end-organ damage seen in sepsis are
initiated by a pathogenic stimulus but largely mediated by
cytokine and leukocyte signaling. Recent work in models of
sepsis has identified circulating extracellular histones, either
derived from apoptotic cells2 or secreted and incorporated
into neutrophil extracellular traps (NETs),3 as major media-
tors of endothelial apoptosis, organ failure, and death during

sepsis.4 Furthermore, direct intravascular injection of histones
leads to macrovascular and microvascular thrombosis,4 and
histone-containing NETs have been shown to promote plate-
let aggregation and thrombus formation.5,6 Both the proin-
flammatory and procoagulant effects of extracellular histones
have recently been linked to signaling via Toll-like receptor 2
(TLR2) and TLR4.6,7

A countervailing role in the cross talk between inflam-
mation and coagulation is held by the protein C system.8

Activated protein C (aPC) mediates direct endothelial cyto-
protection during ischemia9 and reduces cytokine elaboration
in sepsis.10 Furthermore, aPC leads to anticoagulation via
cleavage of activated factors Va and VIIIa and to derepression
of fibrinolysis via consumption of plasminogen activator in-
hibitor 1.11 Interestingly, aPC has also been shown to proteo-
lytically cleave extracellular histones, mitigating the lethality
of histone-induced systemic inflammatory response in animal
models.4

Early theories that bacterial translocation from ischemic
gut caused a sepsis-like state after traumatic injury have been
challenged by the discovery that circulating mitochondrial
DAMPs (damage-associated molecular patterns) mediate a
sterile inflammatory response to trauma as a direct result of
tissue injury by a pathogen.12 Extracellular histone release
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may work through a similar mechanism in the inflammatory
and prothrombotic milieu after trauma, as has been previously
described in sepsis. Our group and others have previously
characterized the anti-inflammatory and anticoagulant effects
of activation of the protein C system in response to tissue in-
jury and shock.13,14 To investigate the inflammatory and co-
agulation cross talk mediated by extracellular histones and the
protein C system in traumatic injury, we investigated levels of
circulating extracellular histones in critically injured trauma
patients, hypothesizing that elevated histone levels would be
associated with end-organ damage and mortality and that
these effects would be mitigated by activation of the protein C
system.

MATERIALS AND METHODS

From June 2006 to January 2010, all patients who were
activated at the highest tier of a three-tiered trauma activa-
tion system in use at San Francisco General Hospital and
Trauma Center were eligible for study enrollment under a
waiver of consent, with subsequent sample and data collection
only completed in those patients who directly or via surrogate
provided informed consent. Patients who were younger than
18 years, pregnant, transferred from another hospital, or in-
carcerated were excluded. The study was approved by the
University of California, San Francisco Committee on Human
Research. Patient enrollment for this study is described in
detail elsewhere.15

Blood samples were prospectively collected via initial
placement of a 16-gauge or larger peripheral intravenous
catheter into citrated tubes containing 10 mmol/L of the pro-
tease inhibitor benzamidine within 10 minutes of emergency
department arrival and again 6 hours after admission to the
intensive care unit. Samples were centrifuged, and extracted
plasma was stored at j80-C. Extracellular histone levels were
measured using a commercially available sandwich enzyme-
linked immunosorbent assay (ELISA) assay (Cell Death De-
tection ELISAplus Kit; Roche Diagnostics, Indianapolis, IN).
Briefly, 20 KL of citrated patient plasma was diluted 1:4 in
1% bovine serum albumin, 0.5% Tween, and 1 mmol/L ethy-
lenediamine tetra-acetic acid in phosphate buffered saline
and added to streptavidin-coated microtiter plates containing
biotinylated mouse anti-histone antibody and peroxidase-
conjugated anti-DNA antibodies. After standard washing
steps, peroxidase activity of the retained immunocomplexes
was developed by incubation with ABTS (2,2¶-azino-di[3-
ethylbenzthiazoline-sulfonate]) and read in a spectrophotom-
eter at 405 nm; results are reported as absorbance units (AU).
The mouse anti-histone antibody (clone H11-4) reacts with
histones H1, H2A, H2B, H3, and H4. Coagulation factors were
analyzed on an STACompact coagulation analyzer (Diagnostica
Stago, Inc., Parsippany, NJ). Activated protein C was assayed
using an established ELISA method reported elsewhere.14

All data are presented as mean T SD, median (inter-
quartile range [IQR]), or percentage. Unpaired univariate com-
parisons were made using Student’s t-test assuming unequal
variance for normally distributed data, Wilcoxon rank-sum
test for skewed data, and Fisher’s exact test for proportions;
paired data were compared using signed rank tests. Injury was

assessed by ISS (Injury Severity Score).16 Acute lung injury
was identified based on the American-European consensus
conference definition.17 The diagnosis of multiple organ fail-
ure was defined as a multiple organ dysfunction score of 3 or
higher using established Denver criteria.18 Standard logistic
regression was performed to identify predictors of histone
level elevation. The Cox proportional hazards regression
model was used to identify adjusted predictors of mortality.
An > = 0.05 was considered significant. All data analysis was
performed by the authors using Stata version 12 (StataCorp,
College Station, TX).

RESULTS

Overall characteristics for the 132 patients are presented
in Table 1. Using an ELISA assay, extracellular histones were
detectable at a median of 14.0 AU on arrival and declined
to 6.4 AU by 6 hours. Because no agreed-on reference range
for circulating histone levels exists clinically, to identify the
characteristics of patients with elevated histone levels at admis-
sion, we dichotomized the study population into those in the
highest quartile of histone levels at admission (Q50 AU, n = 24)
compared with the lower three quartiles (G50 AU, n = 108).
Patients with elevated (median, 164 AU; IQR, 102Y364 AU)
histone levels had significantly higher ISS and significantly
lower GCS (Glasgow Coma Scale) score than those with lower
histone levels (median, 10; IQR, 4Y19) (Table 2). Histone level
elevation was also significantly associated with higher me-
chanical ventilation requirements, a 1.8-fold higher incidence
of acute lung injury, 3.2-fold higher incidence of multiorgan
failure, and 2.1-fold greater mortality (all p G 0.05; Table 2).
Although admission histone levels were higher in patients
with severe injury (ISS 9 20; p = 0.040), median histone levels
fell by 6 hours in both severely and moderately injured (ISS
e20) patients (p G 0.05) (Fig. 1). We further investigated
trends in histone levels from admission to 6 hours in 85 pa-
tients with histone data at both time points, identifying 31
(36.5%) patients with an increased or unchanged histone level

TABLE 1. Overall Patient Characteristics

(N = 132)

Age, y 40.9 T 18.7

BMI, kg/m2 27.7 T 5.2

Penetrating, % 40.0

ISS 24.2 T 13.4

GCS score 9 (4Y15)

Base deficit j6.7 T 5.8

Temperature, -C 35.5 T 0.9

Prehospital IVF, mL 50 (0Y500)

Hospital days 10 (5Y23)

ICU days 4.5 (2Y10.5)

Vent-free days/28 days 23 (1Y26)

Multiorgan failure, % 20.2

Acute lung injury, % 36.9

Mortality, % 21.2

Data are presented as mean T SD or median (IQR).
BMI, body mass index; ICU, intensive care unit; IVF, intravenous fluids.
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at 6 hours, compared with 54 (63.5%) patients with decreas-
ing histone levels. Despite no identifiable statistical differences
in patient demographics or injury characteristics between these
populations (data not shown), those with increasing histone
levels had 2.5-fold higher mortality (32.3 vs. 13.0%, p = 0.048).

We then investigated correlations between coagulation-
relevant measures by admission histone level. Patients with
elevated histone levels had significantly higher median inter-
national normalized ratio and partial thromboplastin time at
admission (p = 0.006 and p = 0.047, respectively; Fig. 2).
Among clotting cascade proteins, no significant differences
existed in procoagulant factors V, VII, VIII, IX, or X (all
p 9 0.1), in antithrombin III (p = 0.860), or in unactivated
protein C (p = 0.621). However, patients in the highest quar-
tile of admission histone level had significantly higher levels
of the fibrinolytic markers D-dimer and tissue-type plasmino-
gen activator, as well as the systemic anticoagulants tissue
factor pathway inhibitor and aPC (all p G 0.05; Fig. 3).

To interrogate the temporal relationship between extra-
cellular histone and aPC levels in terms of outcome, we used
Cox proportional hazards regression to examine the multi-
variate association of changes in histone level with mortality.
In unadjusted analysis, each 1 AU rise in histone level from
admission to 6 hours was significantly associated with mor-
tality (hazard ratio, 1.006; p = 0.009); when adjusted for age,
injury severity, base deficit, and admission GCS, increasing
histone level remained a robust predictor of later mortality
(hazard ratio, 1.005; p = 0.013). The mean increase in histone
level from 0 to 6 hours in the 31 patients with increased or
unchanged levels at 6 hours was 53.5 AU; this increase is

associated with a hazard ratio for mortality of 1.347 (p =
0.013) in adjusted analysis. Conversely, the mean decrease in
the 54 patients with decreasing histone levels was j71.6 AU,
with a protective hazard ratio of 0.676 (p = 0.013). However,
when adjusted for the simultaneous change in aPC levels, the
association between increasing histone level and mortality was
abrogated (p = 0.206, not significant) by a protective associ-
ation of increasing aPC levels with reduced mortality (hazard
ratio, 0.900; p = 0.020; final model given in Table 3).

DISCUSSION

Here we report a prospective analysis of circulating ex-
tracellular histone levels in 132 critically injured trauma
patients. Patients within the highest quartile of extracellular
histone levels at admission had significantly higher ISS and
lower GCS, as well as a 1.8-fold higher incidence of acute
lung injury, 3.2-fold higher incidence of multiorgan failure,
and 2.1-fold greater mortality. Elevated admission histone
levels are significantly associated with coagulopathy, fibrino-
lysis, and activation of systemic anticoagulants. Using Cox
proportional hazards regression, we identify an ongoing rise in
histone levels as an independent predictor of mortality when
adjusted for age, injury severity, shock, and impaired GCS.
We further identify a statistical association between concom-
itant aPC activation and mitigation of the apparent effect of
increasing histone levels. The finding that an ongoing rise in
histone levels correlates with poor outcomes after trauma is
clinically intuitive, as a reflection of ongoing cellular damage
or continued inflammatory cytokine milieu. Previous studies
have noted the presence of extracellular DNA possibly in
complex with circulating histones,19,20 and two studies have
measured histone-complexed DNA directly as part of a bio-
marker screen in injured patients.21,22 But to our knowledge,
this is the first detailed characterization of the patient and in-
jury characteristics associated with extracellular histone levels
after trauma and the first to demonstrate a correlation with
aPC. Taken together, this work serves as an initial exploration
of the role of extracellular histones and aPC in inflammatory
and immune cross talk.

Figure 1. Median 0- and 6-hour histone levels by injury severity.
*p G 0.05 between categories by Mann-Whitney U-test;
†p G 0.05 between time points by paired signed rank test.

TABLE 2. Population Characteristics by Admission
Histone Level

Extracellular Histone Level

pQ50 AU (n = 24) G50 AU (n = 108)

Histone level 164 (102Y364) 10 (4Y19) V

Age, y 39.9 T 16.9 41.1 T 19.2 0.760

BMI, kg/m2 28.6 T 4.7 27.5 T 5.4 0.342

Penetrating injury, % 25.0 43.5 0.111

ISS* 30.5 T 13.0 22.8 T 13.1 0.013

GCS score* 5 (3Y12.5) 10 (5Y15) 0.034

Base deficit j7.2 T 4.6 j6.6 T 6.1 0.620

Temperature, -C 35.5 T 1.2 35.5 T 0.8 0.890

Prehospital IVF , mL 0 (0Y500) 75 (0Y500) 0.949

24-h RBC 4 (0Y9) 2 (0Y6) 0.124

24-h FFP 2 (0Y4) 0 (0Y4) 0.660

24-h Plts 0 (0Y1) 0 (0Y0) 0.396

Hospital days 11.5 (3.5Y28.5) 8.5 (5Y22.5) 0.843

ICU days 6.5 (2.5Y11.5) 4 (2Y9.5) 0.303

Vent-free days/28 days* 7 (0Y23) 25 (7.5Y26) 0.007

Acute lung injury, %* 58.3 32.1 0.020

Multiorgan failure, %* 45.8 14.3 0.001

Mortality, %* 37.5 17.6 0.050

*p G 0.05 by Student’s t-test, Mann-Whitney U-test, or Fisher’s exact test.
Data are presented at mean T SD or median (IQR range).
BMI, body mass index; ICU, intensive care unit; IVF, intravenous fluids; RBC, red

blood cell units; FFP, fresh-frozen plasma units; Plts, platelet units.
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This work points to three avenues for potential novel
anti-inflammatory therapies in the care of trauma patients. First,
TLR2 and TLR4 were recently identified as principal signal-
ing mediators downstream of extracellular histones.6,7 In ad-
dition to histones, other endogenous TLR2 and TLR4 ligands
exist that are also released in response to inflammatory stimuli,
including heat shock proteins,23 tenascin C,24 and high-mobility
group box 1;25,26 several of these have been specifically eval-
uated as prognostic biomarkers in trauma patients.27,28 Thus,
the TLR2 and TLR4 receptors and their signaling appar-
atus are attractive therapeutic targets for pharmacologic sup-
pression of the sterile inflammatory response to trauma,
although initial trials of novel anti-TLR4Ybased therapies are
preliminary and have not yet demonstrated a clinical bene-
fit.29 Second, proteomic analysis of circulating biomarkers in
lipopolysaccharide (LPS)-induced septic shock has revealed
citrullination of extracellular histones as an element of the

early response of neutrophils to inflammatory stimuli30 and
the subsequent incorporation of citrullinated histones into
NETs in response to infection.31,32 Ongoing work by Li et al.
has demonstrated that treatment with the histone deacetylase
inhibitor suberoylanilide hydroxamic acid significantly reduces
the circulating levels of both native and citrullinated histone
H333 and improves survival34,35 in mouse models of LPS-
induced septic shock. Third, recombinant aPC was, until its
recent removal from the market, the only drug shown to re-
duce mortality in adult patients with severe sepsis.36 Impor-
tantly, the anti-inflammatory effects of aPC are mediated via
interaction with the endothelial protein C receptor, leading to
secondary activation of the protease-activated receptor 1,37,38

whereas its anticoagulant effects are mediated by receptor-
independent proteolysis of activated factors Va and VIIIa.
Kerschen et al.39 have recently shown that a recombinant form
of aPC with preserved receptor binding sites but targeted

Figure 3. Differences by admission histone level in D-dimer (A), tissue-type plasminogen activator ([tPA] B), tissue factor
pathway inhibitor ([TFPI] C), and aPC (D). *p G 0.05 by Wilcoxon rank-sum testing.

Figure 2. Admission international normalized ratio ([INR] A) and partial thromboplastin times ([PTT] B) by admission histone
level. *p G 0.05 by Wilcoxon rank-sum testing.
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mutation leading to less than 10% anticoagulant activity is
equivalent to the native recombinant aPC in reducing mortal-
ity associated in both LPS-induced and polymicrobial sepsis
models in mice. However, Xu et al.7 showed that proteolytic
cleavage of histones by aPC was receptor independent and
was augmented by the presence of membrane phospholipid
similarly to the aPC-mediated cleavage of activated factor Va.
Our group has also previously shown that selective inhibition
of the anticoagulant function of aPC prevents coagulopathy
with no impact on survival, whereas antibody blockade of
both anticoagulant and cytoprotective functioning of aPC
caused pulmonary thrombosis, perivascular hemorrhage, and
increased mortality in a mouse model of trauma and hemor-
rhagic shock.13 Further in vitro and animal model work will be
required to specifically delineate whether the mechanism of
aPC-mediated cleavage of histones is independent of its anti-
coagulant function. In any case, histone burden as a potential
biomarker in trauma and sepsis may revive interest in aPC-
based therapies by providing better patient selection and more
goal-directed therapy.

Several limitations exist that are important for interpre-
tation of this study. Ours remains an initial single-center ex-
perience and is subject to all attendant biases; further work is
needed to confirm and extend these findings in a larger series,
other centers, and with extended temporal resolution. In par-
ticular, the physiologic stress and additional tissue injury en-
countered during operative interventions may produce a
‘‘second hit’’ phenomenon that is not accounted for here; se-
quential data collection at later time points may identify ad-
ditional late sequelae of histone level elevation. Furthermore,
the difficulty in identifying an appropriate control group for
trauma patient comparison impairs our ability to identify re-
sidual confounding. Taken together, these limitations highlight
the fact that these data identify associations between histone
release and concomitant activation of protein C after traumatic
injury but should not be taken to prove causality. Further in
vitro, in vivo, and clinical studies are required to identify
mechanisms of histone level elevation and clearance after
trauma and to clearly delineate whether histone release is
causative of, as opposed to merely associated with, poor out-
comes after traumatic injury.

Here we identify histone release and clearance as prom-
ising areas of investigation in trauma resuscitation and suggest
a biologically plausible interaction with the protein C system as

a potential mechanism for further study. This highlights an in-
tuitive potential explanation for the activation of the protein C
system in the service of the innate immune response to tissue
injury in which uncontrolled systemic activation may be an
unintended side effect leading to the systemic coagulopathy
seen after trauma.14 This suggests a place for the interaction
between histones and aPC at a critical junction in the cross
talk between inflammation and coagulation. This work further
highlights the parallels between mechanisms of pathogen-
induced sepsis and those underlying the sterile inflammatory
response to trauma, suggesting that insights and therapies
from the critical care and sepsis literature may be applicable
earlier in the hospital course to the care of the acutely injured
trauma patient.
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Objectives: Massive transfusion (MT) is a poorly characterized practice with multiple 
predictive scores, activation criteria, and institution-specific protocols. Detailed 
characterization will identify optimal practices to refine our resuscitation strategy, 
improving outcome after trauma. 

Design: Retrospective review. 

Setting: Level I urban trauma center. 

Patients: A total of 226 patients who either received an MT (>10 U red blood cells 
[RBCs] over 24 hours) or had activation of the institutional massive transfusion 
protocol (MTP). 

Main Outcome Measures: Patient demographics, MTP activation criteria, blood 
product use, activation timing, and outcomes were evaluated.

Results: Of 226 patients evaluated, a median of 11 U RBCs was given; 48% of the 
patients received true MTs (median: 18 U RBCs), compared with 52% false alarms 
requiring fewer RBCs (median: 5). The mean ratio of RBC to fresh frozen plasma units 
during MTP was 1:2, and the ratio of RBCs to platelets was 11.6:1. Median time to 
blood bank sending of MTP RBCs after protocol activation was 9 minutes. Trauma 
accounted for 85.3% of MTP activations and required larger amounts of RBCs (median: 
12 vs. 7 U, P = .005) than medical/obstetric activations. Of MTP activations, 36.1% were 
delayed until after more than 4 U RBCs had been given, and 42.9% were activated 
more than 1 hour after admission. Of four validated MT prediction scores, only the 
McLaughlin score differed statistically between true and false protocol activations (2.0 
± 1.2 vs. 1.6 ± 1.1, P = .034), and none satisfactorily distinguished patients receiving 
true MTs.

Conclusions: Despite data showing mortality benefits from early blood product 
resuscitation, the design and implementation of MT protocols are problematic 
because of uncertainty regarding activation criteria and timing . More accurate clinical 
predictive scoring and criteria are required.
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BACKGROUND: The increased morbidity and mortality associated with coagulopathy and thrombocytopenia after trauma are well described.
However, few studies have assessed platelet function after injury.

METHODS: Blood samples were prospectively collected from 101 patients with critical injury and trauma on arrival to the emergency
department and serially after admission to a Level I urban trauma intensive care unit from November 2010 to October 2011
and functionally assayed for responsiveness to adenosine diphosphate, thrombin receptor-activating peptide, arachidonic acid
(AA), and collagen using multiple electrode impedance aggregometry.

RESULTS: Of the 101 enrolled patients, 46 (45.5%) had below-normal platelet response to at least one agonist (‘‘platelet hypofunction’’)
at admission, and 92 patients (91.1%) had platelet hypofunction some time during their intensive care unit stay. Admission
platelet hypofunction was associated with low Glasgow Coma Scale score and a nearly 10-fold higher early mortality. Logistic
regression identified admission Glasgow Coma Scale (odds ratio, 0.819; p = 0.008) and base deficit (odds ratio, 0.872; p = 0.033)
as independent predictors of platelet hypofunction. Admission AA and collagen responsiveness were significantly lower for
patients who died ( p G 0.01), whereas admission platelet counts were similar ( p = 0.278); Cox regression confirmed thrombin
receptor-activating peptide, AA, and collagen responsiveness as independent predictors of in-hospital mortality ( p G 0.05).
Receiver operating characteristic analysis identified admission AA and collagen responsiveness as negative predictors of both
24-hour (AA area under the curve [AUC], 0.874; collagen AUC, 0.904) and in-hospital mortality (AA AUC, 0.769; collagen
AUC, 0.717).

CONCLUSION: In this prognostic study, we identify clinically significant platelet dysfunction after trauma in the presence of an otherwise
reassuring platelet count and standard clotting studies, with profound implications for mortality. Multiple electrode impedance
aggregometry reliably identifies this dysfunction in injured patients, and admission AA and collagen responsiveness are sen-
sitive and specific independent predictors of both early and late mortality. (J Trauma Acute Care Surg. 2012;73: 13Y19.
Copyright * 2012 by Lippincott Williams & Wilkins)

LEVEL OF EVIDENCE: Prognostic study, level II.
KEY WORDS: Platelets; impedance aggregometry; multiple electrode aggregometry.

P latelets play a pivotal role in hemostasis after injury.1

Recent evidence identifies that admission platelet counts are
inversely correlated with early mortality and transfusion
for patients with critical injury and trauma, even for platelet
counts well into the normal reference range.2 Quantitative plate-
let deficits also predict progression of intracranial hemorrhage
and mortality after traumatic brain injury.3 Although the in-
creased morbidity and mortality associated with enzymatic coag-
ulopathy after trauma is well described, near-total impairment
of clot formation can also occur as a result of platelet dysfunc-
tion despite the presence of reference range coagulation studies
and platelet count.4 Thorough study of platelet dysfunction has
been hindered by the technical complexity of existing platelet
function assays; however, recent advances in impedance-based
platelet aggregometry allow for rapid, point-of-care assessment
of platelet function.5

Impedance aggregometry assays platelet aggregation via
electrical resistance across sets of silver-coated copper elec-
trodes immersed in whole blood; nonthrombogenic resting
platelets are activated using specific platelet agonists, causing
platelets to aggregate on the charged surface and increasing
impedance in proportion to the degree of platelet activation.6

This principle underlies the recently developed Multiplate mul-
tiple electrode aggregometer, which uses disposable test cells
containing duplicate pairs of sensor wires to measure platelet
aggregation in response to agonists of interest in citrated, hep-
arinized, or hirudin-anticoagulated whole blood.5 Impedance
aggregometry has been cross-validated with single platelet
counting, turbidimetric platelet aggregation, vasodilator-stimulated
phosphoprotein phosphorylation, and light aggregometry5,7,8

in normal controls and in monitoring clopidogrel and aspirin
effects; however, only preliminary investigations exist using im-
pedance aggregometry to characterize platelet dysfunction re-
lated to trauma.9

Therefore, the purpose of this study was to prospectively
quantify platelet function using multiple electrode aggrego-
metry to identify previously undetected platelet dysfunction
in patients with trauma. We further sought to relate any ob-
served dysfunction to outcomes after severe injury.

PATIENTS AND METHODS

Blood samples were prospectively collected from 101
patients with critical injury and trauma on arrival and at 6,
12, 24, 48, 72, 96, and 120 hours after admission to a Level I
urban trauma intensive care unit (ICU) from November 2010
to October 2011. Admission samples were collected via ini-
tial placement of a 16G or larger peripheral intravenous line;
subsequent samples were collected via indwelling arterial cathe-
ters. Standard laboratory vacuum-sealed tubes containing 3.2%
(0.109 mol/L) sodium citrate were used for all draws. A total
of 376 samples were analyzed, with a median of three sam-
ples per patient (interquartile range, 2Y4). Demographics, re-
suscitation data, clinical laboratory results, and outcomes were
collected in parallel. Informed consent was obtained from all
patients, as approved by the University of California Committee
on Human Research.

Platelet function was assessed at point of care using the
Multiplate multiple electrode aggregometer (VerumDiagnostica
GmbH, Munich, Germany) immediately after sample collec-
tion. Briefly, 0.3 mL of whole blood was diluted in warmed
isotonic sodium chloride solution containing 3-mmol/L CaCl2
and incubated for 3 minutes at 37-C with continuous stirring
in a Multiplate test cell. Each test cell contains two sets of
3-mm silver-coated copper wires, across which electrical resis-
tance is measured at 0.57-second intervals. Platelet activation
was induced by adenosine diphosphate (ADP; final concentra-
tion, 6.5 Hmol/L; via P2 receptors), thrombin receptor-activating
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peptide-6 (TRAP; final concentration, 32 Hmol/L; via PAR re-
ceptors), arachidonic acid (AA; final concentration, 0.5 mmol/L;
via the cyclo-oxygenase pathway), or collagen (final concen-
tration, 3.2 Hg/mL; via GpIa/IIa and GpVI receptors). Platelet
adhesion to the electrodes was detected as increasing electrical
impedance, measured by duplicate sets of sensor wires in each
test cell. Agonist responses are reported as area under the ag-
gregation curve in units (U) during a 6-minute measurement
period. Reference ranges for citrated whole blood were provided
by the manufacturer based on studies of healthy controls.

Data are presented as mean (SD), median (interquartile
range), or percentage; univariate comparisons were made using
Student’s t test for normally distributed data, Wilcoxon rank
sum testing for skewed data, and Fisher’s exact test for propor-
tions. Logistic regression was performed to identify predictors
of platelet hypofunction. Kaplan-Meier time-to-event analysis
was used to assess differences in mortality; Cox proportional
hazards regression was used to identify adjusted predictors of
mortality. Nonparametric receiver operating characteristic (ROC)
analysis was performed to characterize the ability of continuous
agonist responses to classify binary outcomes. An > = 0.05 was
considered significant. All analysis was performed by the authors
using Stata version 12 (StataCorp, College Station, TX).

RESULTS

Our study population composed of 101 patients had a
mean (SD) age of 41.3 (19.3) years and a mean (SD) Injury
Severity Score (ISS) 23.2 (5.4); there was 31.0% penetrating
injury and 61.2% brain injury. Mean platelet responsiveness
to ADP, TRAP, AA, and collagen at admission were in the low
reference range according to manufacturer-provided reference
values (Table 1). Notably, the mean (SD) admission platelet
count was 274.4 (85.4) � 103/HL, with no admission platelet
count below 140 � 103/HL (Table 1). Significant correlations
between agonist response and platelet count were observed
for all agonists, with linear correlation between platelet response
extending well into the clinically ‘‘normal’’ platelet range (Fig. 1).
Platelet responsiveness was then longitudinally evaluated from
ICU admission to ICU discharge or 120 hours. For all agonists,
mean platelet responsiveness fell sharply to below the reference
range by 6 hours (Fig. 2). TRAP and collagen responsiveness
returned to the low reference range by 24 hours, whereas ADP
and AA responsiveness (Fig. 2A and B) remained signifi-
cantly impaired until 96 hours (ADP; Fig. 2C ) and 120 hours

(AA; Fig. 2D), respectively.Mean platelet count remainedmore
than 100 � 103/HL for the entirety of the ICU stay (Fig. 2E).

Using the lower bound (fifth percentile) of manufacturer-
provided reference ranges, 46 patients (45.5%) had below-
normal platelet response to at least one agonist at admission;
92 patients (91.1%) had a below-normal response some time
during their ICU stay. Of the 42 patients with confirmed pre-
hospital medication data, 4 patients were taking aspirin and
1 patient was taking clopidogrel (Plavix) at the time of injury.
Patients taking aspirin had significantly lower admission AA
responsiveness (mean [SD], 5.8 [3.3] U vs. 48.0 [26.1] U;
p G 0.001) and a trend toward lower collagen responsiveness
(mean [SD], 24.5 [18.6] U vs. 46.7 [18.1] U; p = 0.092) but
did not differ significantly in responsiveness to other agonists
or by admission platelet count (all p 9 0.400). Similarly, a
single patient known to be taking Plavix had an admission
ADP responsiveness of 27 U (below the 25th percentile in the
study population) and a below-normal AA responsiveness of
38 U (reference range, 40Y91 U). For all subsequent analysis,
patients known to be taking aspirin or Plavix were excluded
unless otherwise noted.

We then dichotomized the study population into 39 pa-
tients (42.9%) with a below-normal response to any agonist
at admission (‘‘platelet hypofunction’’) compared with 52 pa-
tients (57.1%) with all reference range responses (‘‘normal
function’’). Platelet hypofunction was associated with low ad-
mission Glasgow Coma Scale (GCS) score (p = 0.007), higher
mechanical ventilation requirements (p = 0.040), and a nearly
10-fold higher early mortality (p = 0.009; Table 2). Logistic
regression identified base deficit (odds ratio [OR], 0.872;

TABLE 1. Admission Platelet Agonist Responses and
Platelet Counts

Admission Values
(n = 78), Mean (SD)

Observed
Range

Reference
Range

ADP, U 44.6 (20.4) 0Y105 38Y85

TRAP, U 86.6 (27.0) 10Y170 69Y117

AA, U 44.3 (28.3) 0Y104 40Y91

Collagen, U 44.7 (19.7) 0Y88 43Y90

Platelets, �103/HL 274.4 (85.4) 140Y605 150Y400

Figure 1. Scatter plots showing correlation between
platelet count and ADP (A), TRAP (B), AA (C), and collagen
(D) responsiveness using matched data from all time points
collected. Manufacturer-provided reference ranges indicated
by reference lines at the lower (5th percentile) and upper
(95th percentile) boundaries. Q values for each pairwise
correlation given at upper left of each graph, with all
associated p G 0.001.
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p = 0.033) and GCS score (OR, 0.819, p = 0.008) as indepen-
dent predictors of admission platelet hypofunction; platelet count
was not a significant predictor of hypofunction (p = 0.150).
Analysis was repeated in an intention-to-treat fashion including
patients taking aspirin and Plavix: ORs and significance were
similar for base deficit and GCS score, with older age identified
as an additional significant predictor (OR, 1.041; p = 0.032).

To identify patient factors related to differential agonist
responses, the study population was dichotomized by age
(Q55 vs. G55 years), admission base deficit (ej6 vs. 9j6),
traumatic brain injury (head Abbreviated Injury Scale [AIS]
score, Q3 vs. G3), and admission GCS score (Q8 vs. G8). Older
patients had significantly lower responsiveness to TRAP (mean
[SD], 74.5 [27.2] U vs. 91.9 [27.2] U; p = 0.030) and AA
(mean [SD], 26.8 [23.5] U vs. 51.8 [26.2] U; p = 0.001); ADP
(p = 0.074) and collagen (p = 0.375) responsiveness did not
differ by age. Patients in shock as defined by admission base
deficit had significantly lower responsiveness to collagen
(mean [SD], 34.7 [20.5] U vs. 50.8 [16.7] U; p = 0.011),
with no differences in ADP, TRAP, or AA responsiveness
(p 9 0.200). No significant differences were observed for
patients with traumatic brain injury as identified by AIS score

(all p 9 0.500); however, patients with lower admission GCS
score had lower responsiveness to ADP (mean [SD], 38.6
[20.7] U vs. 48.6 [20.3] U; p = 0.016) and collagen (mean
[SD], 35.5 [20.1] U vs. 47.2 [18.3] U; p = 0.008), with no
differences in TRAP or AA (p 9 0.300). Admission platelet
count did not statistically differ by age, base deficit, head AIS
score, or GCS score (all p 9 0.100).

Agonist responses were then examined for differences
by mortality. For patients who died in-hospital at any time,
admission AA and collagen responsiveness were significantly
lower than those of survivors (AA: mean [SD], 22.4 [24.3]
U vs. 48.8 [25.6] U; p = 0.001 (collagen: mean [SD], 29.6
[21.4] vs. 47.0 [17.6] U; p = 0.008), whereas admission platelet
count did not differ significantly (p = 0.278). To account for
the contribution of other patient and injury characteristics, Cox
proportional hazards regression was used to adjust for age,
GCS score, base deficit, and platelet count. In multivariate
analysis, low TRAP (hazards ratio, 0.980; p = 0.047), AA
(hazards ratio 0.968, p = 0.003), and collagen responsiveness
(hazards ratio, 0.955; p = 0.031) were independent predictors
of in-hospital mortality (Fig. 3). These results were unchanged
when including patients taking aspirin or Plavix.

Figure 2. Platelet ADP (A), TRAP (B), AA (C), and collagen
(D) responsiveness as area under the aggregation curve in units
(U) over time. Platelet count measurements (E) are shown for
comparison. Data points are mean values, with capped bars
indicating 95% confidence intervals; dotted lines indicate the
lower bound (fifth percentile) of normal values for each
measurement.

TABLE 2. Patient Characteristics by Platelet Hypofunction on
Admission

Platelet
Hypofunction

(n = 39)

Normal
Function
(n = 52) p

Age, mean (SD), y 44.4 (20.7) 36.7 (16.5) 0.060

BMI, mean (SD), kg/m2 26.3 (5.7) 25.6 (4.9) 0.543

Blunt injury, % 65.7 70.2 0.811

ISS, mean (SD) 22.8 (14.3) 25.4 (15.3) 0.513

GCS score,* median (IQR) 7 (3Y10) 13 (6Y15) 0.007

Temperature, mean (SD), -C 35.7 (0.7) 35.8 (0.8) 0.539

Prehospital IVF,
median (IQR), mL

250 (50Y1,000) 250 (50Y750) 0.711

pH, mean (SD) 7.23 (0.20) 7.31 (0.14) 0.178

Base deficit, mean (SD) j6.9 (6.4) j3.9 (5.6) 0.072

INR, median (IQR), 1.2 (1.1Y1.3) 1.2 (1.1Y1.3) 0.875

PTT, median (IQR), s 28.6 (26.3Y31.5) 26.4 (25.3Y31.1) 0.322

Hematocrit, mean (SD), % 40.4 (5.5) 39.7 (4.8) 0.553

Platelet count, mean (SD),
� 103/HL

257.7 (75.3) 285.7 (88.5) 0.125

RBC/24 h, median (IQR) 0 (0Y1) 0 (0Y4) 0.688

FFP/24 h, median (IQR) 0 (0Y2) 0 (0Y2) 0.795

Plts/24 h, median (IQR) 0 (0Y0) 0 (0Y0) 0.405

Hospital days, median (IQR), 6 (2Y27) 10 (6.5Y20) 0.090

ICU days, median (IQR) 3.5 (1Y14) 3 (2Y14) 0.436

Vent-free days/28 d,*
median (IQR)

12 (0Y26) 26 (7.5Y27) 0.040

Multiorgan failure, % 31.7 27.3 0.656

24 h mortality,* % 20.0 2.1 0.009

In-hospital mortality, % 34.3 14.6 0.062

*p G 0.05 by Student’s t test, Mann-Whitney U test, or Fisher’s exact test.
BMI, body mass index; FFP, fresh frozen plasma units; INR, international normalized

ratio; IQR, interquartile range; IVF, intravenous fluid; Plts\, platelet units; PTT, partial
thromboplastin time; RBC, red blood cell units.

J Trauma Acute Care Surg
Volume 73, Number 1Kutcher et al.

16 * 2012 Lippincott Williams & Wilkins

Copyright © 2012 Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



To establish the utility of admission platelet function
testing, nonparametric ROC analysis was used to identify clin-
ically relevant cutoff values for admission agonist respon-
siveness as predictors of in-hospital mortality. Based on ROC
curves (Fig. 4), AA (area under the curve, 0.769) and colla-
gen (area under the curve, 0.717) responsiveness were robust
predictors of mortality; in contrast, admission ADP respon-
siveness, TRAP responsiveness, and platelet count did not
statistically differ from chance. Specifically, an admission AA
responsiveness of 35 U or higher had 80.0% sensitivity and
68.8% specificity for in-hospital mortality (negative likelihood
ratio, 0.291), correctly classifying mortality in 77.3% of pa-
tients; admission collagen responsiveness of 20 U or higher
had 96.0% sensitivity and 37.5% specificity (negative likeli-
hood ratio, 0.107), correctly classifying 81.8% of the patients.

DISCUSSION

Here, we report a prospective, impedance aggregometry-
based analysis of platelet dysfunction after trauma. Using the
Multiplate multiple electrode aggregometer, we serially assayed
platelet activation to ADP, TRAP, AA, and collagen in 101
patients with critical injury on arrival and then serially for the
remainder of their ICU stay. Despite uniformly normal admis-
sion platelet counts, platelet hypofunction was strikingly com-
mon, occurring in 45.5% of patients at admission and 91.1%
some time during their ICU stay; mean responsiveness to some

agonists remained abnormal for up to 120 hours after admis-
sion. We identified severe base deficit and low GCS score as
multivariate predictors of admission platelet hypofunction.
Using Cox proportional hazards regression, we demonstrated
that admission platelet hyporesponsiveness to TRAP, AA, and
collagen were independent predictors of mortality when ad-
justed for other patient and injury characteristics. Using ROC
analysis to identify the most informative agonist responses, ad-
mission AA and collagen were found to be significant predic-
tors of in-hospital mortality.

Platelet dysfunction after trauma has been systemati-
cally described in only three other studies. Jacoby et al.10 used
the platelet function analyzer-100 (PFA-100; which measures
shear-induced occlusion of an aperture in an agonist-impregnated
cartridge) and flow cytometric markers of platelet activation
(platelet microparticles, P-selection, and activated glycoprotein
IIb/IIIa) to prospectively assess platelet function in 100 pa-
tients with trauma. In this study, significantly impaired collagen/
epinephrine closure times were observed in six nonsurvivors
at later time points, although admission values were statistically
similar to 94 survivors; similarly, closure times were impaired
in 22 patients with significant head injury (head AIS score,
Q4) compared with 78 patients without head injury at 24 hours,
with no difference at admission. This parallels our finding that

Figure 3. Kaplan-Meier 30-day survival curves showing
survival differences between patients with below-normal
admission platelet responsiveness to ADP (A), TRAP (B),
AA (C), and collagen (D). Survival curves for patient admission
platelet counts below the 25th percentile (E ) are shown for
comparison. *p G 0.05 by log-rank test.

Figure 4. Receiver operating characteristic curves using
admission platelet responsiveness to ADP (A), TRAP (B),
AA (C ), and collagen (D) as predictors of in-hospital mortality.
Curve for admission platelet count (E ) is shown for comparison.
Area under the receiver operating characteristic curve (AUC)
values given at the lower right in each graph. *Areas under the
curve for which 95% confidence intervals differ significantly
from chance.
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platelet dysfunction is associated with mortality and that brain
injury is a significant predictor of platelet dysfunction. This
study found no differences in nonsurvivors or patients with
brain injury at admission based on aperture closure time, al-
though platelet microparticle levels were significantly higher at
admission in these populations; this indicates that alterations in
platelet function present on arrival are not reliably detected by
PFA-100 aggregation. We here identify that impedance aggre-
gometry is sensitive to these early differences and that poor
admission AA-induced and collagen-induced responsiveness
are associated with later mortality. Impedance aggregometry
appears superior to PFA-100 aggregation in identifying plate-
let dysfunction on arrival, potentially allowing better triage and
earlier targeted therapy.

Solomon et al.9 recently reported a retrospective study
of impedance aggregometry responses to ADP, TRAP, and
collagen at admission in 163 patients with trauma. The inci-
dence of platelet hypofunction in their study was notably lower
than that reported here. They found platelet hyporesponsive-
ness to ADP in 13.9% of patients, TRAP in 13.7%, and collagen
in 5.6%: comparatively, we identified hyporesponsiveness to
ADP in 30.7%, TRAP in 18.7%, and collagen in 34.7%. Simi-
larly, they identified only a weak correlation between platelet
count and agonist responsiveness but did not report statisti-
cal significance. Many of these differences are likely attribut-
able to differences in study population: their population had
median ISS of 18 and overall mortality of 12.3%, compared
with our median ISS of 25 and mortality rate of 22.7%. Be-
cause no adjusted analysis was performed, the absence of
additional findings may be caused by the predominance of milder
injury in their population. Their finding that ADP and TRAP
responsiveness were significantly lower in seven patients with
ISS of 50 or higher compared with 113 patients with ISS
of 25 or lower supports this explanation. Despite these differ-
ences, the association of platelet dysfunction with mortality in
their study parallels the unadjusted and multivariate analysis
presented here.

Nekludov et al.11 reported a smaller experience using
thromboelastography (TEG)-based platelet mapping to evaluate
platelet response to ADP and AA in 30 patients with trauma
compared with controls. TEG-based platelet mapping measures
the maximal amplitude of clot formation in heparin-treated
and reptilase-treated whole blood in response to ADP and AA,
comparing it to kaolin-activated maximal amplitude to gener-
ate an agonist-specific percentage of platelet inhibition.12 The
authors found significantly impaired AA responsiveness in
patients with brain injury compared with patients with trauma
without brain injury as well as controls but were unable to de-
tect platelet dysfunction in 10 patients with trauma without
brain injury. Although platelet mapping has been correlated
with light aggregometry results,13 to our knowledge, no direct
comparison of TEG-based platelet mapping and impedance
aggregometry exists to facilitate comparison of results. How-
ever, although we describe broader impaired AA responsive-
ness for patients with and without brain injury, our finding
that low admission GCS score is a multivariate predictor of
platelet hypofunction parallels the findings of Nekludov et al.,
pointing to important associations between platelet dysfunc-
tion and brain injury. These data have clear clinical implica-

tions for identifying patients at risk for intracranial hemorrhage
progression.

The mechanisms underlying trauma-associated platelet
dysfunction are poorly understood. One potential mechanism
is suggested by Jacoby et al.,10 who identified that flow cyto-
metric markers of platelet activation were elevated in patients
with trauma, despite impaired functional aperture closure times.
In nontrauma studies, prolonged circulation of activated but
hypofunctional platelets has been observed for up to 96 hours
after activation.14 These data mirror our finding that platelet
function falls within 6 hours of admission and remains sup-
pressed for up to 120 hours after injury. Taken together, this
suggests that immediate platelet activation in response to
tissue injury may induce a prolonged refractory state, in which
a fraction of activated platelets remain in circulation but are
dysfunctional. In light of the critical role played by platelets
in the cell-based model of coagulation, this platelet hypo-
function may correlate with functionally impaired thrombin
generation even in the absence of classical explanations for
coagulopathy (such as clotting factor depletion or hyperfibri-
nolysis) or may partially mediate the effects of hypothermia,
hemodilution, and acidosis on clot formation. The ability to
identify this state and assess the impact of targeted therapies
would allow better guidance for the conduct of resuscitation
and operative intervention.

Several limitations that are important for interpretation
of this study exist. Similar to other platelet function stud-
ies, ours remains an initial, single-center experience; further
work is needed to confirm and extend these findings. Although
previous studies have cross-validated impedance aggrego-
metry with several other assays of platelet function,5,7,8 these
studies were performed in healthy controls or were designed
to detect antiplatelet medication effects. The reference ranges
derived from these studies may not be ideal measures of platelet
hypofunction in the setting of trauma. Point-of-care instrument
use in a busy trauma center poses additional challenges in
sample handling and evaluation of results that need to be ad-
dressed before these results can be clinically applied. Finally,
although physiologic relevance is suggested by the prospec-
tive correlation of platelet function with later stent thrombosis
in the cardiovascular literature,15 further study is required to
confirm that platelet aggregation in a laboratory test cell is a
meaningful surrogate for hemostatic function in the bleeding
trauma patient.

These results highlight two important clinical issues.
First, although impairment of platelet response to ADP and
AA have been characterized in response to clopidogrel and
aspirin, respectively,16 there is no a priori sense of which
agonists are relevant in the setting of trauma. Given the wide
availability of over-the-counter medications with antiplatelet
effects and the known variability of platelet function in the
population at large,17 one could posit that the dysfunction
of AA and collagen pathways seen here may be the result of
an occult medicationYrelated effect, as opposed to a trauma-
related phenomenon. However, the observed hyporesponsive-
ness to TRAP argues that this platelet dysfunction is related
to injury because neither thrombin generation nor platelet
activation downstream of thrombin receptors is affected by
cyclo-oxygenase-pathway blockade.18 The data presented here

J Trauma Acute Care Surg
Volume 73, Number 1Kutcher et al.

18 * 2012 Lippincott Williams & Wilkins

Copyright © 2012 Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



provide evidence for a specific platelet dysfunction induced by
traumatic injury, but careful additional in vitro and clinical
characterizations are required to elucidate the mechanism and
to validate trauma-relevant agonists, reference ranges, and
indications for clinical action.

Second, although we clearly identify the grave progno-
sis associated with platelet hypofunction, few therapeutic op-
tions exist to address it, calling into question the clinical utility
of identifying an untreatable pathologic finding. Studies of
platelet function-targeted therapy have been impeded by a
lack of well-validated assays with which to demonstrate effi-
cacy. However, the recent development of new functional
analyzers has fostered a growing literature on several poten-
tial proplatelet therapies, including studies of desmopressin19

and tranexamic acid20 in reversing platelet dysfunction in car-
diac surgical patients. Ongoing in vitro aggregometry studies
and further prospective clinical studies will provide a plat-
form for the evaluation of novel proplatelet agents, adding to
the clinical armamentarium for treatment of trauma-associated
platelet dysfunction.

Here, we demonstrate that clinically significant platelet
dysfunction after trauma exists in the presence of an otherwise
reassuring platelet count and clotting studies, with profound
implications for mortality. Impedance aggregometry reliably
identifies this dysfunction in injured patients, and admission
AA and collagen responsiveness are significant predictors of
both early and late mortality. The significance of low GCS score
as an independent predictor of platelet hypofunction highlights
the importance of further investigation into the link between
traumatic brain injury and platelet dysfunction. The clinical avail-
ability of rapid, point-of-care platelet function testing will lead
to improved triage, more appropriately targeted therapy, and
better outcomes after trauma.
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Criteria for empiric treatment of hyperfibrinolysis after trauma

Matthew E. Kutcher, MD, Michael W. Cripps, MD, Ryan C. McCreery, BS, Ian M. Crane, BS,
Molly D. Greenberg, BS, Leslie M. Cachola, BA, Brittney J. Redick, BA, Mary F. Nelson, RN, MPA,

and Mitchell Jay Cohen, MD, San Francisco, California

BACKGROUND: Recent studies identify a survival benefit from the administration of antifibrinolytic agents in patients with severe injury and
trauma. However, identification of hyperfibrinolysis requires thromboelastography, which is not widely available. We hy-
pothesized that analysis of patients with thromboelastography-diagnosed hyperfibrinolysis would identify clinical criteria
for empiric antifibrinolytic treatment in the absence of thromboelastography.

METHODS: FromNovember 2010 toMarch 2012, serial blood sampleswere collected from 115 patientswith critical injury on arrival to the
emergency department of an urban Level I trauma center. Rotational thromboelastography was performed to assess viscoelastic
properties of clot formation in the presence and absence of aprotinin to identify treatable hyperfibrinolysis. For 20 patients
identified with treatable hyperfibrinolysis, clinical predictors were investigated using receiver operating characteristic analysis.

RESULTS: Of the 115 patients evaluated, 20% had hyperfibrinolysis, defined as an admission maximal clot lysis of 10% or higher,
reversible by aprotinin treatment. Patients with hyperfibrinolysis had significantly lower temperature, pH, and platelet counts
and higher international normalized ratio, activated partial thromboplastin time, and D-dimer. Hyperfibrinolysis was associated
with multiorgan failure (63.2% vs. 24.6%, p = 0.004) and mortality (52.2% vs. 12.9%, p G 0.001). We then evaluated all
nonYrotational thromboelastography clinical and laboratory parameters predictive of hyperfibrinolysis using receiver operating
characteristic analysis to evaluate potential empiric treatment guidelines. The presence of hypothermia (temperature e36.0-C),
acidosis (pH e7.2), relative coagulopathy (international normalized ratio Q1.3 or activated partial thromboplastin time Q30),
or relative thrombocytopenia (platelet count e200) identified hyperfibrinolysis with 100% sensitivity and 55.4% specificity
(area under the curve, 0.777).

CONCLUSION: Consideration of empiric antifibrinolytic therapy is warranted for patients with critical injury and trauma who present with
acidosis, hypothermia, coagulopathy, or relative thrombocytopenia. These clinical predictors identified hyperfibrinolysis with
100% sensitivity while simultaneously eliminating 46.6% of inappropriate therapy compared with the empiric treatment of all
injured patients. These criteria will facilitate empiric treatment of hyperfibrinolysis for clinicians without access to throm-
boelastography. (J Trauma Acute Care Surg. 2012;73: 87Y93. Copyright * 2012 by Lippincott Williams & Wilkins)

LEVEL OF EVIDENCE: Prognostic study, level III.
KEY WORDS: Fibrinolysis; thromboelastography; rotational thromboelastometry; ROTEM.

Hemorrhage remains the leading cause of potentially pre-
ventable death after trauma, exacerbated in up to a third

of injured patients by abnormal coagulation that is present
on arrival to the emergency department.1 This phenomenon,
referred to as acute traumatic coagulopathy (ATC), exists inde-
pendently of the classically identified coagulopathy risk factors
of hypothermia, hemodilution, and acidosis.2 ATC occurs in the
setting of massive tissue injury and hypoperfusion and results
in both impairment of new clot formation and enhanced fibrino-
lysis of existing clot.3,4 Although the early empiric adminis-
tration of plasma5,6 and damage control strategies7 have been
shown to mitigate the effects of impaired clot formation, guide-
lines addressing treatment of clinically significant fibrinolysis

after injury are sparse. This enhanced fibrinolysis, termed
hyperfibrinolysis (HF), has been identified as an integral
component of ATC. Recent intriguing data suggest that the
use of plasminogen-targeted inhibitors of enzymatic fibrino-
lysis such as tranexamic acid (TXA) may provide the missing
pharmacologic treatment of the hyperfibrinolytic component
of ATC.8,9

Although several groups have reported onvarying degrees
of HF after injury, the precise incidence of HF remains unclear,
owing in part to heterogeneity in diagnostic technique and lack
of consensus definitions.10Y13 Currently, the criterion standard
for diagnosing HF is thromboelastography; however, these
devices are not yet widely available, and protocols for their use
in guiding trauma resuscitation have to date been limited to
single-center experiences.14Y17 The clinical relevance of treating
HF is clear based on the CRASH-2 large randomized controlled
trial of empiric administration of TXA in patients with critical
injury and trauma, which identified a significant mortality
benefit to empiric TXA therapy in patients with critical injury.9

However, no diagnostic criteriawere used to specifically identify
HF before enrollment, suggesting that a large cohort of these
patients were overtreated.
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Clearly, specific identification of the patients that are
at highest risk for developing HF would facilitate appropri-
ate therapy for the hyperfibrinolytic component of ATC while
avoiding the cost and potential adverse effects of overtreat-
ment. Therefore, the aims of this study were as follows: (1) to
identify patients with treatable HF using thromboelastography,
(2) to characterize the relationship of HF with injury char-
acteristics and outcomes, and (3) to identify clinical and basic
laboratory valueYbased guidelines for appropriate empiric treat-
ment of HF in the absence of thromboelastography.

PATIENTS AND METHODS

Blood samples were prospectively collected from
115 patients with critical injury on arrival to the emergency
department of an urban Level I trauma center. Patients who
were younger than 18 years, had more than 5% body surface
area burns, received more than 2 L of intravenously adminis-
tered fluid before arrival, or were transferred from another
institution were excluded. Admission blood samples were
collected via initial placement of a 16 gauge or larger periph-
eral intravenous line into 3.2% (0.109 mol) sodium citrate and
processed within 3 hours of being drawn; sample collection
methodology is described in detail elsewhere.3 After a waiver
of consent was applied for initial blood draws, informed con-
sent was obtained for all study patients as approved by our in-
stitutional committee on human research.

Point-of-care rotational thromboelastometry (ROTEM)
was performed to assess viscoelastic properties of clot for-
mation. Briefly, 300-HL samples of citrated whole blood were
warmed to 37-C, recalcified, and activated with tissue factor-
containing rabbit brain thromboplastin in the presence
(APTEM) and absence (EXTEM) of aprotinin. An enzymatic
fibrinolysis index (EFI) was defined as the difference in
maximal clot lysis percentage between EXTEM and APTEM
testing, identifying HF amenable to treatment and elimi-
nating variability not related to enzymatic fibrinolysis. Massive
transfusion was defined as transfusion of 10 U of red blood cell
counts (RBCs) or more within the first 24 hours of admission
for patients surviving to 24 hours; to include patients who re-
ceived high-volume transfusion but did not survive to 24 hours,
scaled transfusion of 5 U or more for patients dying by 12 hours
or 2.5 U or more for patients dying by 6 hours were also in-
cluded. Activity levels of factors II, V, VII, VIII, IX, and X;
antithrombin III; and protein C as well as antigen levels of fi-
brinogen and D-dimer were assayed using a Stago Compact
Functional Coagulation Analyzer (Diagnostica Stago, Parsip-
pany, NJ). Activated protein C was assayed using an established
enzyme-linked immunosorbent assay method reported else-
where.4 Standard laboratory, resuscitation, and outcome data
were prospectively collected in parallel.

All data are presented as mean (SD), median (inter-
quartile range [IQR]), or percentage; univariate comparisons
were made using Student’s t test for normally distributed data,
Wilcoxon rank sum test for skewed data, and Fisher’s exact test
for proportions. Standard logistic regression was performed to
identify predictors of HF. Kaplan-Meier time-to-event analysis
and log-rank tests were used to assess differences in 24-hour
and in-hospital mortality between groups. Nonparametric re-

ceiver operating characteristic (ROC) analysis was performed
to characterize the ability of clinical predictors to identify HF.
An > = 0.05 was considered significant. All data analysis was
performed by the authors using Stata version 12 (StataCorp;
College Station, TX).

RESULTS

The overall study population had a mean (SD) age of
40.8 (19.2) years, 26.1% penetrating injury, 54.9% neurologic
injury, mean (SD) Injury Severity Score (ISS) of 22.0 (14.5),
mean (SD) base deficit of j5.4 (6.0), and Glasgow Coma
Scale (GCS) score of 10 (5Y14). Of the 115 patients with
complete ROTEM data at admission, 23 patients (20%) had
HFas defined by an admission EFI of 10% or higher (Table 1).
Sample tracings for representative patients with HF are pro-
vided in Figure 1. For clinical characteristics, patients with HF
had significantly lower admission temperature, higher inci-
dence of both early (G6 hours) red blood cell transfusion and
massive transfusion, higher mechanical ventilation require-
ments, and higher incidence of multiorgan failure and mor-
tality (Table 2). As confirmed by Kaplan-Meier survival
analysis, patients with HF die significantly earlier and more
often than those without (log rank, p G 0.001; Fig. 2). For
admission clinical laboratory values, patients with HF had
significantly higher international normalized ratio (INR), ac-
tivated partial thromboplastin time (PTT), and D-dimer levels,
as well as lower pH and platelet count (all p G 0.05; Table 3).
The clotting factor and anticoagulant profile demonstrates that
HF is further associated with significant depletion of factors V
and factor IX, as well as elevation of activated protein C (all
p G 0.03; Table 3). We then evaluated all population differ-
ences with p G 0.200 using both univariate and multivariate
logistic regression to identify predictors of HF (Table 4). This
identified lower temperature, pH, and platelet count and higher
INR, PTT, and D-dimer levels as significant univariate pre-
dictors of HF; however, none of these parameters alone were
independent predictors of HF when adjusted for ISS and ad-
mission base deficit.

Because no individual non-ROTEM parameters indepen-
dently predicted HF, we then evaluated combinations of uni-
variate predictors of HF using ROC analysis to identify potential
empiric treatment guidelines. To identify broad guidelines, we
included only univariate predictors that are widely available
as part of a standard trauma clinical and laboratory workup as
candidates, excluding specialized clotting factor measurements,
fibrinogen, and D-dimer levels. For continuous values, we se-
lected cutoffs at the value yielding the highest percentage of
patients correctly classified as having HF or not. Using these
pooled cutoffs, the presence of hypothermia (temperature
e36.0-C), acidosis (pH e7.2), relative coagulopathy (INR Q1.3
or PTT Q30), or relative thrombocytopenia (platelet count
e200) identified HF with 100% sensitivity, 55.4% specificity,
and positive likelihood ratio 2.24 (area under the curve, 0.777;
95% confidence interval, 0.726Y0.828).

To avoid the inclusion of moribund patients in whom
empiric treatment of HF would be futile, we repeated all
previous analysis excluding patients in whom care was
withdrawn as a surrogate for nonsurvivable injury. Seventeen
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patients met these criteria (Table 1). When excluding these
patients, mortality remained significantly worse for patients
with HF (p = 0.006). In univariate analysis for predictors of HF,
INR (p = 0.062), pH (p = 0.093), platelet count (p = 0.136), and
D-dimer (p = 0.055) were no longer significant, whereas tem-
perature and PTT remained predictive (p G 0.05). Excluding
patients with nonsurvivable injury, the previouly identified
criteria for empiric treatment remained 100% sensitive for HF,
with slightly improved specificity (59.0% specificity; positive
likelihood ratio, 2.44) and a similar and still significant area

Figure 1. Representative admission ROTEM EXTEM and
APTEM tracings for patients with no HF (A), secondary HF
with normal maximal clot firmness (B), and primary HF with
impaired maximal clot firmness (C).

TABLE 2. Patient Characteristics by HF

EFI Q 10
(n = 23)

EFI 0Y10
(n = 92) p

Age, mean (SD), y 47.2 (22.6) 39.2 (18.1) 0.125

Penetrating injury, % 26.1 26.1 1.000

Neurologic injury, % 60.9 53.3 0.640

ISS, mean (SD) 23.0 (13.2) 21.8 (14.8) 0.767

GCS score, median (IQR) 9 (3Y14) 10 (6Y14) 0.304

Temperature, mean (SD) 35.4 (0.8) 36.1 (0.6) 0.012*

Prehospital IVF, median (IQR) 150 (50Y250) 225 (0Y1,000) 0.988

Transfused RBC in 6 h, % 60.9 33.8 0.029*

Massively transfused, % 39.1 5.5 G0.001*

Hospital days, median (IQR) 6 (1Y25) 10 (4Y18) 0.073

ICU days, median (IQR) 2 (1Y11) 4 (2Y12.5) 0.119

Vent-free days/28 d, median (IQR) 2 (0Y25) 25 (10.5Y27) 0.004*

Multiorgan failure, % 63.2 24.6 0.004*

24-h mortality, % 34.8 3.5 G0.001*

In-hospital mortality, % 52.2 12.9 G0.001*

*p G 0.05 by Student’s t, Mann-Whitney U, or Fisher’s exact tests.
EFI, enzymaticHF index; ICU, intensive care unit; IVF, intravenously administered fluid.
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under the ROC curve of 0.795 (95% confidence interval,
0.742Y0.848).

DISCUSSION
Although intriguing data exist regarding a survival

benefit to the pharmacologic treatment of HF after trauma,
broad clinical application of this knowledge has been im-
paired by a lack of specific diagnostic criteria and the absence
of guidelines for empiric therapy. Several recent single-center
studies have investigated HF after trauma using thromboe-
lastography; however, heterogeneity in study populations,
enrollment criteria, thromboelastography assays, and visco-
elastic parameters assessed has led to variable estimates of
the incidence of HF, ranging from 3% to 20% of all patients

with trauma.13 Despite significant uncertainty regarding the
incidence, there is no clinical disagreement that HF portends
a markedly worse prognosis, with the same studies identify-
ing mortality rates of 38.5% to 100% for patients with HF.
The data presented here add significantly to this growing
body of knowledge regarding diagnostic utility, patient-level
characterization, and clinically applicable guidelines for empiric
treatment.

Two commercially available systems exist for throm-
boelastography: ROTEM and the TEG Thromboelastograph
hemostasis analyzer (TEG; Haemonetics, Braintree, MA).
Two studies use TEG-based diagnostic criteria to identify HF,
using a 15% decrement in clot firmness either 3010 or 6018

minutes after maximal clot amplitude. Similar results have
been published by several groups using comparable ROTEM-
based maximal clot lysis parameters.12,19Y21 Using ROTEM
APTEM testYbased criteria provides the additional theoretical
advantage of identifying only fibrinolysis that is reversible
by treatment with aprotinin, thereby eliminating spurious clot
amplitude reduction owing to sample drying and clot retraction
while simultaneously providing a gauge of potential treatment
efficacy. To our knowledge, only one other group has published
data using an APTEM-based definition; this study by Levrat
et al.11 identified HF in 87 patients with trauma admitted to
a large academic trauma center in France, identifying six pa-
tients (5%) with a more than 7% increase in maximal clot
firmness between EXTEM- and APTEM-activated samples.
Here, we use a similar definition, identifying 15 patients (20%)
with a more than 10% EFI; both studies identify significant
associations between HF and increased injury severity, coagu-
lopathy, and mortality.

We further extend this analysis by identifying hypother-
mia, acidosis, and coagulopathy as well as relative thrombocy-
topenia as predictors of HF in univariate analysis. Of the other
studies addressing HF after trauma, only that of Kashuk et al.10

systematically investigated adjusted predictors of HF in their
cohort of 11 patients with TEG-based HF of 61 patients re-
ceiving transfusions. Both our study as well as that of Kashuk
et al. identified emergency department coagulopathy as a crit-
ical predictor of HF. We further identify significant depletion

Figure 2. Kaplan-Meier 24-hour survival curves showing early
survival differences between patients with (dashed line) and
without (solid line) HF. *p G 0.001 by log-rank test.

TABLE 3. Admission Laboratory Values by HF

EFI Q 10
(n = 23)

EFI 0Y10
(n = 85) p

INR, median (IQR) 1.3 (1.1Y1.4) 1.1 (1.0Y1.2) G0.001*

PTT, median (IQR) 32.0 (28.0Y41.9) 27.0 (24.6Y30.0) G0.001*

pH, mean (SD) 7.17 (0.17) 7.29 (0.15) 0.035*

Base deficit, mean (SD) j7.3 (5.4) j4.7 (6.2) 0.109

Hematocrit, mean (SD) 39.1 (6.2) 40.6 (5.8) 0.302

Platelet count, mean (SD) 238 (82) 278 (76) 0.043*

Fibrinogen, mean (SD) 164 (89) 292 (164) 0.116

D-dimer, median (IQR) 7.8 (5.7Y9.2) 1.8 (0.6Y8.1) 0.019*

Factor II, mean (SD) 65.2 (22.2) 70.4 (18.0) 0.415

Factor V, mean (SD) 27.1 (16.8) 45.7 (25.3) 0.005*

Factor VII, mean (SD) 88.1 (33.9) 89.1 (47.7) 0.927

Factor VIII, mean (SD) 173.3 (93.1) 188.6 (109.3) 0.626

Factor IX, mean (SD) 92.7 (46.0) 132.2 (54.2) 0.011*

Factor X, mean (SD) 72.2 (26.7) 75.3 (21.8) 0.690

AT3, mean (SD) 75.2 (31.2) 80.5 (23.9) 0.574

PC, mean (SD) 105.7 (46.6) 89.9 (34.8) 0.266

aPC, median (IQR) 25.5 (10.7Y51.5) 3.2 (2.1Y15.1) 0.028*

*p G 0.05 by Student’s t, Mann-Whitney U, or Fisher’s exact tests.
aPC, activated protein.

TABLE 4. Univariate and Multivariate Predictors of HF

Univariate Multivariate

Odds Ratio p Odds Ratio p

Age 1.021 0.077 1.027 0.201

Temperature 0.229 0.006* 0.233 0.078

INR 1.332 0.007* 1.177 0.135

PTT 1.125 0.002* 1.099 0.055*

pH 0.633 0.036* 0.781 0.722

Base deficit 0.931 0.131 0.913 0.126

Platelet count 0.993 0.034* 0.990 0.075

Fibrinogen 0.987 0.109 0.969 0.207

D-dimer 1.238 0.018* 1.345 0.057

*p G 0.05 by Wald test.
Logistic regression was used to generate both unadjusted univariate odds ratios as

well as multivariate, ISS and base deficitYadjusted odds ratios for HF.
Odds ratios for INR and pH scaled for differences of 0.1.
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of factor V and factor IX, as well as elevation of activated
protein C, in patients with HF. Taken together, the clear clinical
relationship between impairment of clot formation and activa-
tion of fibrinolysis lends credence to the recently described
dual role of the activated protein C system in coagulopathy
after trauma via cleavage of activated factors Va and VIIIa as
well as derepression of fibrinolysis.3,4

The recent prospective, randomized, placebo-controlled
CRASH-2 trial evaluated more than 20,000 patients with trauma,
identifying a significant decrease in both all-cause (14.5% vs.
16.0%) and hemorrhage-related (4.9% vs. 5.7%) mortality in
trauma patients treated empirically with TXA.9 However, in-
clusion criteria for the study were broad, with only half of
enrolled patients receiving a blood transfusion or requiring an
emergency operation. Based on the 1.5% absolute mortality
risk reduction identified, the number needed to treat empiri-
cally with TXA to save one life is 67; this modest risk reduc-
tion observed likely reflects significant overtreatment. These
generalizability concerns are partially addressed by the recent
Military Application of Tranexamic acid in Trauma Emer-
gency Resuscitation (MATTERs) study, which retrospectively
evaluated the use of TXA in 293 of 896 patients with combat
injury with respect to total blood product use, thromboembolic
complications, and mortality.8 The authors found that the
TXA-treated group had lower unadjusted mortality than the
non-TXAYtreated group (17.4% vs. 23.9%, respectively, with
an absolute mortality risk reduction of 6.5%) despite more
severe injury. Notably, the rate of thromboembolic complica-
tions was significantly greater in the TXA-treated compared
with non-TXAYtreated group in this study. Although TXA
treatment was not an independent predictor of thromboembo-
lism in adjusted analysis performed in the MATTERs study
and the incidence of thromboembolic complications did not
significantly differ between TXA- and placebo-treated patients
in the CRASH-2 trial, this highlights the important concern
of potentially increased thromboembolic risk with TXA treat-
ment. In the more selective TXA treatment assessed in the
MATTERs study compared with that of CRASH-2, the over-
all number needed to treat to save 1 life is 15; this is further
reduced to as low as 7 for patients requiring massive transfu-
sion (absolute risk reduction, 13.7%). Overall, available evi-
dence indicates that a subset of patients with trauma exist
for whom empiric TXA treatment would provide a significant
survival benefit while minimizing treatment cost and the risk
of adverse effects.

The data presented here provide a first attempt to spe-
cifically address this critical gap in the growing literature on the
management of HF after trauma by outlining criteria for em-
piric antifibrinolytic treatment. Specifically, we provide data
that treatment of any patient with critical injury and hypo-
thermia (temperature e36.0-C), acidosis (pH e7.2), relative
coagulopathy (INR Q1.3 or PTT Q30), or relative thrombocy-
topenia (platelet count e200) would identify HF with 100%
sensitivity and 55.4% specificity. Furthermore, data from both
the MATTERs study and those from Kashuk et al. highlight
the increased incidence of HF for patients receiving massive
transfusions. Specifically, the MATTERs study identified
an enhanced absolute mortality risk reduction associated
with TXA treatment of 13.7% for patients requiring massive

transfusion compared with 6.5% in the overall study popula-
tion.8 Similarly, Kashuk et al. show that 34% of patients re-
quiring more than 6 U of red blood cells within 6 hours of
admission had TEG-based HF compared with 18% of patients
overall, suggesting that patients requiring massive transfusion
are at higher risk of HF. In our patient population, transfusion
of RBC within 6 hours of admission was significantly more
common, and massive transfusion within the first 24 hours was
more than sevenfold more common, for patients with HF.
Taking these data together, we would advocate that any patient
with clinically significant injury presenting with acidosis,
hypothermia, coagulopathy, or relative thrombocytopenia
should be considered for empiric treatment with an anti-
fibrinolytic agent within 1 hour of arrival and that empiric
early antifibrinolytic therapy should be considered as an ad-
dition to institutional massive transfusion protocols.

As with the other currently available studies of HF after
trauma, several limitations are important in the interpretation
of the results presented here. With 115 patients available for
analysis, sample size limits both the generalizability as well as
the statistical power of this study, highlighting the need for
further prospective, multicenter evaluation of both diagnostic
criteria and treatment protocols for HF before their widespread
adoption. Although thromboelastography is the current de
facto criterion standard for the diagnosis of HF, the significant
heterogeneity of findings using several biochemical markers
of fibrinolysis has made specific validation of functional testing
such as ROTEM- and TEG-based thromboelastography elu-
sive. Addressing this technical concern, Levrat et al. have
previously validated the ROTEMEXTEM and APTEM tests in
a cohort of 23 patients using a euglobulin clot lysis time of less
than 90 minutes as a criterion standard, showing 100% spec-
ificity of ROTEM in the diagnosis of HF.11 Furthermore, the
enzymatic HF index defined herein relies on the ROTEM
APTEM maximal clotting firmness, using the requirement of
reversibility by aprotinin to eliminate spurious results due to
mechanical clot retraction and confounding by other factors
unrelated to true enzymatic fibrinolysis. The release of tissue
thromboplastins leading to local hypercoagulability and sys-
temic disseminated intravascular coagulation-like consump-
tive coagulopathy has been posited to underlie coagulopathy in
severe traumatic brain injury, although this mechanism remains
poorly understood. Although reversal of hyperfibrinolytic coag-
ulopathy may mitigate the threat of progressive hematoma en-
largement and herniation in the setting of active intracranial
hemorrhage, this must be balanced with the theoretical risk
of worsening ischemic damage in the penumbra of injury. Fur-
thermore, the CRASH-2 trial did not demonstrate a mortality
reduction in head injuryYrelated death in the TXA-treated group
compared with placebo,9 and the MATTERs study found that
admission GCS score 8 or less was an independent predictor
of mortality, even when adjusted for TXA treatment.8 Taken
together, these results imply that antifibrinolytic therapy may
be less efficacious in this group. As with all empiric guidelines,
clinical judgment must balance the potential risks and benefits
of treatment given the clinical uncertainty that remains in select
settings such as traumatic brain injury. Finally, although both
aprotinin and TXA bind and inhibit plasmin, differences in
the specificity of the bovine-derived polypeptide aprotinin and
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the synthetic lysine analogue TXA exist, and their efficacy in
reversal of fibrinolysis may not be equivalent;22 therefore,
inferences about the potential efficacy of TXA presented here
should be interpreted with caution.

Overall, this study confirms and extends the growing
body of literature on the recognition and treatment of HF
after trauma through specific thromboelastography-based
diagnostic criteria, multivariate risk factor assessment, and
receiver operator characteristicYbased clinical guidelines for
empiric treatment. These data highlight the clinical utility of
thromboelastography and confirm a mechanistic link between
ATC and HF. Most importantly, data presented here support the
empiric treatment of fibrinolysis in patients with trauma who
present with acidosis, hypothermia, coagulopathy, and relative
thrombocytopenia as a strategy for appropriately sensitive em-
piric treatment in clinical settings in which thromboelastography
and other advanced diagnostic equipment is unavailable.
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Introduction: Clotting factor abnormalities in acute traumatic coagulopathy 

are poorly understood, with application of traditional regression techniques 

confounded by collinearity. We hypothesized that principal components 

analysis (PCA), a pattern-finding technique, would identify clinically 

predictive patterns in the complex clotting factor milieu after trauma. 

Methods: Plasma was prospectively collected from 163 critically-injured 

trauma patients. Prothrombin, Factors V, VII, VIII, IX, X, D-dimer, activated 

and native Protein C, and antithrombin III levels were assayed, and subjected 

to PCA to identify principal components (PCs). 

Results: Of 163 patients, 19.0% 

had coagulopathy (INR≥1.3). PCA 

identified 3 PCs, accounting for 

67.5% of variance (see Figure). 

PC1 identified global clotting 

factor depletion; PC2 the 

activation of Protein C and 

fibrinolysis; and PC3 Factor VII 

elevation and VIII depletion. PC1 

score correlated with penetrating 

injury and 

injury severity, predicting coagulopathy (OR 4.67, p<0.001) and mortality 

(OR 1.47, p=0.032). PC2 score correlated with injury severity, acidosis, and 

shock, and significantly predicted ventilator-associated pneumonia (OR 1.59, 

p=0.008), acute lung injury (OR 2.24, p<0.001), multiorgan failure (OR 1.83, 

p=0.002), and mortality (OR 1.62, p=0.006). PC3 did not significantly predict 

outcomes. 

Conclusion: PCA identifies distinct patterns of coagulopathy: depletion 

coagulopathy predicts mortality and INR elevation, while fibrinolytic 

coagulopathy predicts infection, end-organ failure, and mortality, without 

detectable differences in INR or PTT. These disparate patterns identify 

specific perturbations to target directed resuscitation and treatment. 



A principal component analysis of coagulation after trauma

Matthew E. Kutcher, MD, Adam R. Ferguson, PhD, and Mitchell J. Cohen, MD, San Francisco, California

BACKGROUND: Clotting factor abnormalities underlying acute traumatic coagulopathy are poorly understood, with application of traditional
regression techniques confounded by colinearity.We hypothesized that principal components analysis (PCA), a pattern-finding
and data reduction technique, would identify clinically predictive patterns in the complex clotting factor milieu after trauma.

METHODS: Plasma was prospectively collected from 163 critically injured trauma patients. Prothrombin; factors V, VII, VIII, IX, X;
D-dimer; activated and native protein C; and antithrombin III levels were assayed and subjected to nonlinear PCA to identify
principal components (PCs).

RESULTS: Of 163 patients, 19.0% were coagulopathic on admission. PCA identified 3 significant PCs, accounting for 67.5% of overall
variance. PC1 identified global clotting factor depletion; PC2 the activation of protein C and fibrinolysis; and PC3 factor VII
elevation and VIII depletion. PC1 score correlated with penetrating injury and injury severity, predicting coagulopathy (odds ratio
[OR], 4.67; p G 0.001) and mortality (OR, 1.47; p = 0.032). PC2 score correlated with injury severity, acidosis, and shock, and
significantly predicted ventilator-associated pneumonia (OR, 1.59; p = 0.008), acute lung injury (OR, 2.24; p G 0.001), multiorgan
failure (OR, 1.83; p = 0.002), and mortality (OR, 1.62; p = 0.006) but was not associated with international normalized ratio
(INR)Ybased or partial thromboplastin time (PTT)Ybased coagulopathy ( p 9 0.200). PC3 did not significantly predict outcomes.

CONCLUSION: PCA identifies distinct patterns of coagulopathy: depletion coagulopathy predicts mortality and INR/PTT elevation, while fi-
brinolytic coagulopathy predicts infection, end-organ failure, and mortality, without detectable differences in INR or PTT. While
depletion coagulopathy is intuitive, fibrinolytic coagulopathymay be a distinct but often overlapping entitywith differential effects
on outcomes. (J Trauma Acute Care Surg. 2013;74: 1223Y1230. Copyright * 2013 by Lippincott Williams & Wilkins)

LEVEL OF EVIDENCE: Prognostic study, level III.
KEY WORDS: Coagulopathy; principal components analysis; fibrinolysis.

Hemorrhage remains the leading cause of potentially pre-
ventable death after trauma, complicated in up to a third of

injured patients by coagulation abnormalities present on arrival
to the emergency department.1 Although well-studied, the im-
portance of specific clotting factor abnormalities to the complex
phenomenon of acute traumatic coagulopathy is poorly under-
stood. Strong correlations between clotting factor levels pose
a significant challenge to identifying the isolated importance
of any individual factor. This colinearity makes standard re-
gression techniques prone to unstable results, difficult to gen-
eralize, and at risk of identifying spurious statistical significance.
Several mathematical techniques exist to more clearly describe
the patterns that exist in such complex, correlated data sets and to
associate these patterns with binary outcomes; principal com-
ponent analysis (PCA) is one such method.

PCA is a statistical pattern detection tool that distills a
complex set of intercorrelations down to essential clusters of

variables that move together as groups. To begin, a data set of
correlated variables is decomposed into a smaller set of
uncorrelated synthetic multivariables. A best-fit plane is de-
scribed in this multivariate space, the axes of which are termed
principal components (PCs); the location of each individual
data point in multivariate space can then be specifically de-
scribed relevant to these PCs. In this sense, PCA can be thought
of as a multivariate form of the Pearson correlation, in which
the best-fit line is replaced by a best-fit multivariate plane. The
data set described here contains arrival clotting factor mea-
surements in a panel of critically injured patients, in which
many of the individual factor levels are highly correlated with
each other. The application of PCA transforms each patient’s
individual clotting factor measurements into a smaller set of PC
‘‘scores,’’ which can be interpreted as individual patient loca-
tions within multivariate outcome space. Furthermore, each PC
can be broken down into ‘‘factor loadings’’ that describe both
the contribution of each individual clotting factor into the
calculation of that PC score as well as each factor’s relation-
ships with other factors. A detailed explanation of the rationale
and methodology of PCA is available in the Supplemental
Digital Content (see Document, Supplemental Digital Content
1, http://links.lww.com/TA/A243).

As an example, a PC controlled entirely by a single pre-
dictor would have a loading coefficient of +1.0 for the predictor
in question, with all other predictor coefficients equal to zero;
in contrast, a PC determined by mixed contributions from
multiple factors would have loading coefficients spanning values
from j1.0 to +1.0 for each contributing factor, corresponding
to positive and inverse Pearson correlations. Intuitively, PCs

AAST 2012 PLENARY PAPER

J Trauma Acute Care Surg
Volume 74, Number 5 1223

Submitted: October 8, 2012, Revised: January 29, 2013, Accepted: January 30, 2013.
From the Department of Surgery (M.E.K., M.J.C.), San Francisco General Hospital;

and Brain and Spinal Injury Center (BASIC) (A.R.F.), Department of Neuro-
logical Surgery, University of California, San Francisco, California.

This study was presented at the annual meeting of the American Association for the
Surgery of Trauma, September 12Y15, 2012, in Kauai, Hawaii.

Supplemental digital content is available for this article. Direct URL citations appear
in the printed text, and links to the digital files are provided in the HTML text of
this article on the journal’s Web site (www.jtrauma.com).

Address for reprints: Mitchell Jay Cohen, MD, Department of Surgery, Ward 3A
San FranciscoGeneral Hospital 1001 PotreroAve, Room 3C-38 San Francisco,
CA 94110; email: matthew.kutcher@ucsfmedctr.org.

DOI: 10.1097/TA.0b013e31828b7fa1

Copyright © 2013 Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

http://links.lww.com/TA/A243
mailto:matthew.kutcher@ucsfmedctr.org


describe the internal structure of a set of correlated measure-
ments allowing patients to be grouped by global patterns of
clotting factor perturbations as defined by high or low PC scores,
and the clotting factor interrelationships that define each group
can be described. For a set of highly interrelated predictors such as
clotting factor measurements, PCA accommodates degrees of co-
linearity that would make standard regression approaches unstable.

Therefore, we hypothesized that PCA would identify
clinically predictive patterns in the complex clotting factor
milieu after trauma. In this study, we apply PCA to identify and
examine the clotting factor relationships underlying these
clinical patterns and correlate these with outcomes in a panel of
critically injured patients.

PATIENTS AND METHODS

Plasma was collected from 163 critically injured trauma
patients on arrival to the emergencydepartment of anurbanLevel
I trauma center fromFebruary 2005 toOctober 2010 as part of an
ongoing clinical study.2 Consecutive patients triggering activa-
tion of the highest level of a two-tiered triage system during the
study period were prospectively enrolled under a waiver of
consent; patients younger than18years, thosewithmore than5%
body surface area burns, those who received more than 2 L of
intravenous fluid before arrival, and those transferred from an-
other institution were excluded. Patients were retrospectively
excluded if informed consent was unobtainable or declined.
Admission blood samples were collected via initial placement
of a 16-gauge or larger peripheral intravenous line into 3.2%
(0.109 M) sodium citrate and processed within 3 hours of being
drawn; sample collection methodology is described in detail
elsewhere.2 Activity levels of factors II, V, VII, VIII, IX, and X;
antithrombin III and protein C; as well as antigen D-dimer levels
were assayed using a Stago Compact Functional Coagulation
Analyzer (Diagnostica Stago, Parsippany, NJ). Activated protein
C was assayed using an established enzyme-linked immuno-
sorbent assay method reported elsewhere.3 Demographics, lab-
oratory and resuscitation data, and outcomes were collected in
parallel. Injury was assessed by Injury Severity Score (ISS).4

Acute lung injury was based on the American-European con-
sensus definition.5 Multiorgan failure was defined as a multiple
organ dysfunction score of greater than 3 using established
Denver criteria.6 The study was approved by the University of
California Committee on Human Research.

Nonlinear PCA was performed using SPSS categories
CAT-PCA (IBM, Chicago, IL); specific details are available in
the Supplemental Digital Content Methods (see Document,
Supplemental Digital Content 1, http://links.lww.com/TA/A243).
Possible nonlinear correlations among coagulation factors were
accounted for in the input stage, resulting in an output of con-
tinuous, linear PC scores and PC loadings;7 (see Figure, Supple-
mental Digital Content 2, http://links.lww.com/TA/A241). All
measured factor levels were included as predictors: prothrombin;
factors V, VII, VIII, IX, and X; D-dimer; activated protein C;
protein C; and antithrombin III. PCs were considered significant
for eigenvalues greater than or equal to 1.0 (see Figure, Supple-
mental Digital Content 3, http://links.lww.com/TA/A242); factor
loadingswere considered significant for coefficients greater than
or equal to 0.3. Continuous PC scores were calculated for each

patient along each PC axis, and differences between the
highest and lowest quartile of patients for each significant PC
were examined using standard univariate statistics. The pre-
dictive capacities of independent PC scores were evaluated
using unadjusted logistic regression for the binary outcomes of
mortality, multiorgan failure, acute lung injury, and ventilator-
associated pneumonia (VAP) and for standard definitions of
coagulopathy determined by admission international nor-
malized ratio (INR) and partial thromboplastin time (PTT).

Data are presented as mean T SD, median (interquartile
range [IQR]), or percentage; univariate comparisons were made
using Student’s t test for normally distributed data, Wilcoxon
rank-sum testing for skewed data, and Fisher’s exact test for
proportions. Missing predictor datawere imputed usingmultiple
imputation; results were similar to those obtained using only
complete data as well as using a data set completed with popu-
lation means (data not shown). An > of 0.05 was considered
significant. All analysis was performed by the authors using
SPSS categories (IBM) and Stata version 12 (Stata Corp; Col-
lege Station, TX).

RESULTS

Our 163-patient study population had a mean age of
41.3 T 19.3 years and a mean ISS of 23.2 T 5.4; there was 31.0%
penetrating and61.2%brain injuries.Of 163patients, 22 (19.0%)
were coagulopathic on arrival as defined by INRof 1.3 or greater,
and 56 (34.4%) were coagulopathic as defined by PTT of 30 or
greater. Nonlinear PCA identified seven independent PCs, to-
gether accounting for 92.0% of the variance present in the data.
PCs 1, 2, and 3 were considered significant (eigenvalues 9 1.0);
these together accounted for 67.5% of total variance. Eigen-
values, percentage of variance explained, and the factor loading
matrix for all individual clotting factors for the three significant
PCs are shown in Table 1. Factor loadings were considered
significant for loading coefficients greater than or equal to 0.3.

PC1 accounted for 43.9% of overall variance, including
significant negative factor loading on (analogous to inverse
Pearson correlation with) prothrombin; factors V, VII, VIII, IX,
and X; protein C; and antithrombin III (Table 1). To identify
patient-level characteristics associated with high PC1 scores,
patients with the highest quartile of PC1 score were compared
with those in the lowest quartile (Table 2). Patients in the
highest quartile of PC1 score had significantly more common
penetrating injury (34.2% vs.12.5%, p = 0.035) and more se-
vere injury (mean ISS, 32.2 vs. 23.8; p = 0.011) compared
with those in the lowest quartile. High-PC1 patients also
had significantly elevated admission INR (median, 1.2 vs. 1.0;
p G 0.001) and PTT (median, 32.6 seconds vs. 27.0 seconds,
p G 0.001), as well as lower admission platelet count (mean,
245� 103/HL vs. 311� 103/HL; p G 0.001). High-PC1 patients
also had significantly higher transfusion requirements for red
blood cells (median, 5 U vs. 0 U, p G 0.001), plasma (median,
2Uvs. 0U; pG 0.001), and platelets (median [IQR], 0U [0Y2U]
vs. 0 U [0 U]; p = 0.003) and significantly higher mechanical
ventilation requirements (median, 6.5 ventilator-free days vs.
17.5 ventilator-free days; p = 0.016). Expressed in odds ratios,
each unit increase in PC1 score was associated with a 4.68-fold
higher incidence of INR-based coagulopathy ( p G 0.001), a
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3.35-fold higher incidence of PTT-based coagulopathy
( p G 0.001), and 1.48-fold higher mortality ( p = 0.032).

PC2 accounted for 13.4% of overall variance, including
significant positive factor loading on (analogous to positive
Pearson correlation with) factor VIII, D-dimer, and activated
protein C levels (Table 1). Similarly to those previously men-
tioned, patients in the highest PC2 quartile were again compared
with those in the lowest (Table 3). High PC2 patients had more
severe injury (mean ISS, 37.3vs. 23.0;pG 0.001), acidosis (mean
pH, 7.27 vs. 7.23; p = 0.032), and base deficit (mean, j8.4 vs.
j5.5, p = 0.029). High-PC2 patients received less prehospital
intravenous fluid (median, 0 mL vs. 500 mL), consistent with
expedited transport. Despite these differences in injury and
shock severity, admission INR and PTT did not differ signifi-
cantly by PC2 quartile (p = 0.440 and p = 0.756, respectively),
although admission platelet count was higher in the high PC2
population (mean 288 � 103/HL vs. 238, p = 0.015). High-PC2
patients had significantly higher transfusion requirements for red
blood cells (median, 6Uvs. 0U; pG 0.001), plasma (median, 4U
vs. 0 U; p G 0.001), and platelets (median [IQR], 0 U [0Y2] vs.
0 U [0 U]; p = 0.002). In outcomes, high-PC2 patients had
prolonged intensive care unit (ICU) (median, 12 days vs.
4.5 days; p = 0.003) and total hospital stays (median 22.5 days
vs. 8.5 days; p = 0.004), and significantly higher mechanical
ventilation requirements (median, 2 ventilator-free days vs.
22 ventilator-free days; p = 0.002). The incidences of VAP

TABLE 2. Patient Characteristics by First PC (PC1)

Low PC1 (n = 40) High PC1 (n = 41) p

PC score j1.16 T 0.52 1.29 T 0.78 V

Age 39.8 T 14.2 42.1 T 19.9 0.564

BMI 28.5 T 5.5 27.5 T 5.9 0.466

Penetrating injury 12.5% 34.2% 0.035

ISS 23.8 T 12.8 32.2 T 16.2 0.011

GCS score 7 (4.5Y12) 7 (3Y14) 0.782

Temperature 35.4 T 0.9 35.3 T 1.1 0.690

Prehospital IVF 200 (0Y600) 0 (0Y150) 0.118

pH 7.29 T 0.11 7.26 T 0.12 0.143

Base deficit j5.8 T 4.5 j8.1 T 6.7 0.089

INR 1.0 (1.0Y1.1) 1.2 (1.1Y1.4) G0.001

PTT 27.0 (24.9Y28.1) 32.6 (27.5Y38.5) G0.001

Platelet count 311 T 85 245 T 84 G0.001

RBC per 24 h 0 (0Y0) 5 (1Y14) G0.001

FFP per 24 h 0 (0Y0) 2 (0Y9) G0.001

Platelets per 24 h 0 (0Y0) 0 (0Y2) 0.003

Hospital days 14 (6.5Y29) 14 (6Y30) 0.769

ICU days 9 (3Y16) 9 (3Y21) 0.861

Ventilator-free days 17.5 (1.5Y26) 6.5 (0Y22.5) 0.016

VAP 42.5% 39.0% 0.823

Acute lung injury 38.2% 51.4% 0.341

Multiorgan failure 17.5% 17.1% 1.000

Mortality 17.5% 31.7% 0.198

*p G 0.05 by Student’s t, Mann-Whitney, or Fisher’s exact testing.
Data from the lowest (‘‘low PC1’’) and highest (‘‘high PC1’’) patient quartiles are

presented as mean T SD or median (IQR).
BMI, body mass index; FFP, fresh frozen plasma units; IVF, intravenously admin-

istered fluid; RBC, red blood cell units.

TABLE 3. Patient Characteristics by Second PC (PC2)

Low PC2 (n = 48) High PC2 (n = 40) p

PC score j0.79 T 0.21 1.38 T 1.09 V

Age 43.7 T 16.1 44.5 T 20.7 0.831

BMI 26.1 T 5.0 27.8 T 4.7 0.114

Penetrating injury 14.6% 17.5% 0.775

ISS 23.0 T 15.3 37.3 T 16.6 G0.001

GCS score 7 (3Y9) 8 (4Y14) 0.122

Temperature 35.6 T 0.8 35.5 T 0.9 0.526

Prehospital IVF 500 (125Y775) 0 (0Y0) 0.001

pH 7.32 T 0.10 7.27 T 0.12 0.032

Base deficit j5.5 T 5.3 j8.4 T 5.6 0.029

INR 1.1 (1.0Y1.2) 1.1 (1.0Y1.2) 0.440

PTT 29.4 (26.2Y32.4) 28.8 (25.6Y37.5) 0.756

Platelet count 238 T 71 288 T 107 0.015

RBC per 24 h 0 (0Y3) 6 (1Y14) G0.001

FFP per 24 h 0 (0Y3) 4 (0Y12) G0.001

Platelets per 24 h 0 (0Y0) 0 (0Y2) 0.002

Hospital days 8.5 (3Y23) 22.5 (9.5Y40.5) 0.004

ICU days 4.5 (2Y12.5) 12 (6Y22) 0.003

Ventilator-free days 22 (0Y26) 2 (0Y19) 0.002

VAP 29.8% 55.0% 0.028

Acute lung injury 26.7% 73.5% G0.001

Multiorgan failure 4.2% 32.5% G0.001

Mortality 16.7% 37.5% 0.031

*p G 0.05 by Student’s t, Mann-Whitney, or Fisher’s exact testing.
Data from the lowest (‘‘low PC2’’) and highest (‘‘high PC2’’) patient quartiles are

presented as mean T SD or median (IQR).
BMI, body mass index; FFP, fresh frozen plasma units; IVF, intravenously admin-

istered fluid; RBC, red blood cell units.

TABLE 1. Composition of PCs

PC1 PC2 PC3

Eigenvalue 4.39 1.35 1.01

Percentage of variance 43.91 13.45 10.12

Prothrombin j0.86 j0.04 0.11

Factor V j0.78 0.01 j0.11

Factor VII j0.62 0.01 0.47

Factor VIII j0.35 0.34 j0.73

Factor IX j0.69 0.07 0.03

Factor X j0.88 j0.01 0.20

D-dimer 0.25 0.80 0.00

aPC 0.20 0.74 0.39

Protein C j0.80 0.11 j0.05

AT III j0.74 0.16 j0.17

Heatmap: j1.00

0.00

1.00

PC eigenvalues, percentage of variance accounted for, and factor loading magnitudes.
Positive loading (analogous to a positive Pearson correlation) is indicated in shades of red,
with negative correlation (analogous to inverse Pearson correlation) indicated in shades of
blue. The magnitude of the loading for each factors is shown in text, and considered
significant for values of greater than 0.30.

J Trauma Acute Care Surg
Volume 74, Number 5 Kutcher et al.

* 2013 Lippincott Williams & Wilkins 1225

Copyright © 2013 Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



(55.0% vs. 29.8%; p = 0.028), acute lung injury (73.5% vs.
26.7%; p G 0.001), multiorgan failure (32.5% vs. 4.2%;
pG 0.001), andmortality (37.5% vs. 16.7%; p = 0.031) were all
markedly higher in the high-PC2 population. Expressed in
odds ratios, PC2 score was not associated with significant
increases in the incidence of either INR-based or PTT-based
coagulopathy ( p = 0.220 and p = 0.340, respectively); how-
ever, each unit increase in PC2 score was associated with a
1.59-fold higher incidence of VAP, a 2.24-fold higher inci-
dence of acute lung injury, a 1.83-fold higher incidence of
multiorgan failure ( p = 0.002), and 1.62-fold higher mortality
( p = 0.006).

PC3 accounted for 10.1% of overall variance, including
significant positive factor loading with factor VII and activ-
ated protein C and significant negative loading with factor VIII
(Table 1). Patients in the highest PC3 quartile had significantly
better Glasgow Coma Scale (GCS) score (median 9 vs. 6;
p = 0.034) and lower admission PTT (median 26.6 seconds vs.
28.8 seconds; p G 0.001); high-PC3 patients also had a lower
incidence of acute lung injury (40.0% vs. 67.6%; p = 0.033;
Table 4). Unit increases in PC3 were associated with a 1.44-fold
increase in the incidence of PTT-based coagulopathy ( p = 0.041);
however, PC3 scores were not significantly associated with other
measured outcomes (all other p 9 0.05).

To graphically assess interrelationships between PCs and
their relationship to outcomes, scatter plots were generated
representing each patient in multivariate space by PC1 and PC2
score (Fig. 1). Visually, the majority of patients with a prolonged
INR and PTT are seen to have an elevated PC1 score; these are
equally balanced between high and low PC2 scores (Fig. 1A
and B). In comparison, most patients with multiorgan failure
and mortality are seen to have an elevated PC2 score; these
are equally balanced between high and low PC1 scores (Fig. 1C
and D). Odds ratio data for all binary outcomes assessed are
summarized in Table 5.

DISCUSSION

Here, we describe the use of PCA to interrogate the data
structure of clotting factor levels in a panel of 163 critically in-
jured traumapatients. Three significant uncorrelatedmultivariate
components were identified, together explaining 67.5% of the
total variance in observed clotting factor measurements. PC1
accounted for 43.2% of overall variance and consisted of sig-
nificant negative loading coefficients for all procoagulant
clotting factors as well as the anticoagulants protein C and an-
tithrombin III. Intuitively, PC1 identifies global clotting factor
depletion, and its patient-level values are associated with in-
creased incidences of admission coagulopathy and mortality.
PC2 accounted for 13.4% of variance, consisting principally of
significant positive factor loading on D-dimer and activated
protein C levels. Intuitively, PC2 identifies a fibrinolytic com-
ponent to the clotting factor milieu; interestingly, this component
is not significantly associated with admission coagulopathy by
INR-based or PTT-based definitions but is significantly associ-
ated with VAP, acute lung injury, multiorgan failure, and mortal-
ity. PC3 accounted for 10.1% of variance, consisting principally
of significant negative loading on factor VIII, with smaller con-
tributions from factor VII and activated protein C. Intuitively, PC3
may account for an element of coagulopathy associated with
consumption-driven depletion of factor VIII; PC3 was associated
only with admission PTT-based coagulopathy.

Depletion Coagulopathy
Theglobal procoagulant depletion phenotype described by

PC1 matches the clinical intuition that patients with over-
whelming tissue injury and acute hemorrhage frequently present
with coagulopathy resulting from clotting factor consumption.
The early recognition of this ‘‘vicious cycle’’ of self-perpetuating
consumptive coagulopathy is a mainstay of trauma resuscita-
tion,8 with recent studies extending these clinical observations
to confirm the association of specific clotting factor deficits to
poor outcomes after injury.9 The global procoagulant depletion
phenotype reflected by PC1 and its association with both
coagulopathy and mortality reflect the clinical intuition that
clotting factor depletion must be anticipated and treated early to
minimize its deleterious effects; precisely this insight has driven
recent trends in plasma-based hemostatic resuscitation therapy
for critically injured patients.10,11

Fibrinolytic Coagulopathy
The fibrinolytic phenotype described by PC2 is signifi-

cantly associated with multiple functional outcomes but is in-
terestingly not associated with standard admission laboratory

TABLE 4. Patient Characteristics by Third PC (PC3)

Low PC3 High PC3

p(n = 41) (n = 40)

PC score j1.19 T 0.63 1.22 T 0.74 V

Age 43.4 T 18.7 41.0 T 18.7 0.567

BMI 27.3 T 5.8 28.2 T 5.8 0.550

Penetrating injury 17.1% 32.5% 0.128

ISS 27.9 T 15.2 26.4 T 11.9 0.644

GCS score 6 (3Y9) 9 (4Y15) 0.034

Temperature 35.7 T 0.7 35.5 T 1.0 0.395

Prehospital IVF 0 (0Y450) 0 (0Y300) 0.953

pH 7.31 T 0.10 7.28 T 0.17 0.429

Base deficit j6.1 T 4.9 j7.0 T 7.1 0.560

INR 1.1 (1.0Y1.2) 1.1 (1.0Y1.2) 0.654

PTT 28.8 (27.0Y34.3) 26.6 (23.8Y29.8) G0.001

Platelet count 276 T 99 292 T 81 0.435

RBC per 24 h 0 (0Y6.5) 1.5 (0Y5.5) 0.829

FFP per 24 h 0 (0Y4.5) 0 (0Y3.5) 0.730

Platelets per 24 h 0 (0Y1) 0 (0Y0) 0.325

Hospital days 11 (5Y25) 14.5 (6.5Y28) 0.192

ICU days 8 (3Y18) 6 (3Y15.5) 0.940

Ventilator-free days 8 (0Y24) 20.5 (1Y26) 0.084

VAP 48.8% 32.5% 0.176

Acute lung injury 67.6% 40.0% 0.033

Multiorgan failure 19.5% 10.0% 0.349

Mortality 34.1% 17.5% 0.128

*p G 0.05 by Student’s t, Mann-Whitney, or Fisher’s exact testing.
Data from the lowest (‘‘low PC3’’) and highest (‘‘high PC3’’) patient quartiles are

presented as mean T SD or median (IQR).
BMI, body mass index; FFP, fresh frozen plasma units; IVF, intravenously admin-

istered fluid; RBC, red blood cell units.
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values such as INR or PTT. This subtlety supports the hypothesis
that injury-induced activation of endogenous anticoagulants and
other systemic effectors, as opposed to consumptive depletion of
procoagulant factors alone, plays a critical role in the patho-
physiology of acute traumatic coagulopathy. Recent work sug-
gests several candidate biochemical pathways that may mediate
dysfunctional coagulation after trauma independently of clotting
factor depletion, including catecholamine-mediated degradation

of the endothelial glycocalyx12,13 and activation of the protein
C system.2,3 While activated protein C mediates receptor-
independent proteolysis of activated factors Va and VIIIa as
well as derepression of fibrinolysis,2 it may also play an addi-
tional receptor-dependent role in potentiating the systemic in-
flammatory response.3 Kerschen et al.14 recently showed that a
recombinant form of activated protein C with targeted mutation
leading to less than 10% anticoagulant activity is equivalent to

Figure 1. Plots of patient scores withinmultivariate PC space, by binary outcomes. Representative two-dimensional (PC1-PC2 space)
plots provided. A, INR of 1.3 or greater; B, PTT of 30 or greater; C, multiorgan failure; and D, mortality. Markers indicate outcome
status (filled circles, absence; hollow circles, presence).

TABLE 5. PC Scores as Predictors of Outcomes

PC1 PC2 PC3

Odds ratio Mortality 1.48 (1.03Y2.12) AUC, 0.616 1.62 (1.15Y2.29) AUC, 0.669 V

Multiorgan failure V 1.83 (1.25Y2.68) AUC, 0.750 V

Acute lung injury V 2.24 95% CI: AUC: V

VAP V 1.59 (1.13Y2.24) AUC, 0.628 V

INR Q1.3 4.68 (2.37Y7.66) AUC, 0.844 V V

PTT Q 30 3.35 (2.06Y5.45) AUC, 0.769 V 1.44 (1.02Y2.04) AUC, 0.593

Significant odds ratios derived from continuous PC scores in univariate, unadjusted logistic regression models. 95% confidence intervals and area under the receiver operator
characteristic curve (‘‘AUC’’) are given for all significant predictors. Nonsignificant (Wald test p 9 0.05) odds ratios marked as em dashes.
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native protein in reducing mortality in sepsis models in mice. A
prospective study of clotting factor levels in 71 injured patients
identified a significant negative correlation between severity of
systemic hypoperfusion after injury and the activity of several
procoagulant factors but found that decreased factor V activity
may occur via a consumption-independent mechanism such as
protein CYmediated cleavage.15

This identification of PC2 as a fibrinolytic component is
also consistent with a growing recognition of the importance of
hyperfibrinolysis to acute traumatic coagulopathy. Hyper-
fibrinolysis is estimate to occur from 3% to 20% of significantly
injured patients, with mortality spanning 38.5% to 100%.16 At
the biochemical level, the presence of hyperfibrinolysis is as-
sociated with significantly elevated levels of D-dimer and acti-
vated protein C.17 Recent intriguing data suggest that the use
of plasminogen-targeted antifibrinolytics such as tranexamic
acid may provide the missing pharmacologic treatment for
the hyperfibrinolytic component of acute traumatic coagulop-
athy.18,19 Taken together, these results suggest that aggressive
clotting factor repletion by empiric plasma-based therapies may
inadequately treat the fibrinolytic component of acute traumatic
coagulopathy and that targeted therapies are a promising area of
active investigation.

Study Limitations
Aswith other single-center prospective studies examining

the relationship between admission clotting factor studies and
outcomes, several limitations are important to interpretation of
these data.Althoughour sample size ismodest, highly citedwork
in PCA suggests that 5 to 10 samples for each predictor included
is adequate for robust results,20,21 which our 163-patient panel
well exceeds for our 10-predictor model. Importantly, this
analysis does not provide for strict causal interpretation; neither
PCs themselves nor the individual patient PC scores provided by
PCA are directly clinically interpretable. Furthermore, the PCA
model itself is not generalizable or portable but is only applicable
to the data set from which it is derived; PC scores cannot be
derived for novel patients outside of the data set presented here.
For this exploratory analysis, we included all classical clotting
factor measurements available; however, other relevant physio-
logic measures (such as pH or temperature) and clotting cascade
elements (such as calcium and fibrinogen) were not uniformly
available. Thus, the final PCA model may be sensitive to pre-
dictor selection. Cognates to common predictor selection strat-
egies for regression analysis (such as forward/backward and
information criteria-based selection) are not well-established for
the construction of PCA models and will require detailed sen-
sitivity analyses to validate. Overall, however, the purpose of the
current study was not to construct a comprehensive predictive
model but instead to interrogate the clotting cascade for clinically
compelling patterns. We suggest that these patterns identify
unique groups of patients that would otherwise go undetected
based on standard clinical characteristics alone and that the
further analysis of these groups may identify novel molecular
markers and potential therapeutic targets.

Summary
Taken together, these results suggest that PCA accurately

identifies patterns embedded in the complex milieu of the

coagulation cascade in injured patients. The independent con-
sumptive and fibrinolytic components identified here show
robust correlation with patient-level outcomes and match pre-
vailing clinical intuition regarding drivers of acute traumatic
coagulopathy. In particular, the fibrinolytic phenotype is asso-
ciated with markedly poor outcomes but not with abnormalities
in INR or PTT, highlighting the inadequacy of these measures in
describing the complexity of traumatic coagulopathy and the
need for validatedmarkers of abnormal fibrinolysis after trauma.
Whereas standard regression techniques are problematic for in-
vestigating the role of clotting factors in isolation, PCA is well
suited to address just such highly collinear systems of predictors
as patterns. The pattern finding capability demonstrated here
holds promise for elucidating critical mechanisms underlying
the pathophysiology of acute traumatic coagulopathy. Further
development of data-driven analytical methods such as PCA
may ultimately provide critical insights to drive advances in
clinical care.
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DISCUSSION

Dr. Sandro Rizoli (Toronto, Canada): This study, as I
understand it, has two components. It explores the mechanisms
underlying acute coagulopathy of trauma and, second, it explores
the use of a mathematical statistical tool to identify patterns in a
complex system such as coagulation.

The mathematical tool is called Principal Component
Analysis and even after the brilliant presentation I still am not
sure that I could explain to anyone what it really is.

Very little is known about coagulation and trauma. We
know it is complex, multifactorial, it changes over time and we
know it changes in response to surgical interventions.

We also know it very difficult to determine the impor-
tance of each clotting element in this complex process. So a
mathematical tool that can make it easier to understand is wel-
come and worthwhile testing.

So over a five-year period, Dr. Cohen and his group drew
blood from 163 severely-injured patients on arrival to hospital
and performed many coagulation assays. Of the 163 patients
included, only 22 were coagulopathic, defined by an INR of
1.3, which could be a soft definition considering that 1,5 is more
commonly used.

So my first question is considering that the goal of this
study was to understand coagulopathy as a disease, shouldn’t
the statistical analysis be done only on the 22 patients that were
in fact coagulopathic?

Otherwise this study was done on non-coagulopathic
patients and might simply demonstrate the variations in clot-
ting factors after trauma, which do not necessarily lead to
coagulopathy.

The second question is, many of the differences found
between patients within the same PC were statistically signif-
icant but not clinically relevant. A platelet count of 250 versus
300 or a PTT of 32 versus 27 doesn’t seem clinically relevant
to me. So how can this statistically but not clinically relevant
difference be taken to explain coagulopathy?

And, finally, concerning your interpretation of the role
of hyperfibrinolysis in trauma, could we extrapolate your con-
clusions and say that every trauma has a component of hyper-
fibrinolysis and thus should receive Tranexamic acid?

So, once again, I want to congratulate the authors for
their brilliant work and I thank the ASAT for the privilege.

Dr. Ronald V. Maier (Seattle, Washington): Very nice
study, attempting to better elucidate the complex coagulopathic
patterns in the injured patient.

One of the issues is to follow the process serially over
time in these patients with different treatments. But using
the early data you have demonstrating differential treatments
prehospital, can you assess howmuch crystalloid is required to
increase bleeding significantly?

You should have had enough variability in these pa-
tients as far as prehospital volume of resuscitation that you
can interrogate the impact of a large volume of crystalloid on
coagulopathy or type of coagulopathy at the time of hospital
presentation. Thank you.

Dr. Susan Rowell (Portland, Oregon): Given the worse
outcomes associated with PC2 that are not detectible by INR
and PTT, I am curious as to whether you have done any platelet
function analysis or have correlated this with TEG data which
could be more easily performed at the bedside? Thank you.

Dr. Scott G. Thomas (South Bend, Indiana): I’m inter-
ested in your thoughts on recent discussions with regard to TEG
replacing INR. And, at your institution, are you looking at that
as a primary modality of looking at coagulopathy and trauma?
As we know, Dr. Holcomb just recently published a paper saying
that this may be the new trend. And is this your plan in the future
for looking at coagulopathic patients in trauma? Thank you.

Dr. Andre Cap (Houston, Texas): I’m curious about
why we didn’t see fibrinogen results in your table of coagula-
tion factors. I was wondering if you had measured fibrinogen and
how those values align with the various patterns you’re observing.

I agree with the previous comments about TEG analysis
and how it correlates with other measures of coagulation func-
tion. Thanks very much.

Dr. Matthew Kutcher (San Francisco, California):
Thank you for your insightful questions. In terms of Dr. Rizoli’s
questionVwhether these analyses should be performed on
coagulopathic versus normal patientsVinterestingly, it turns
out that the PC scores in coagulopathic versus normal patients
were remarkably different.

In receiver-operator characteristic analyses, we found
that a PC1 score is a very strong predictor of having an elevated
admission INR with an area under the curve of about 800Vso
these scores really are clinically relevant.

I think the focus of this paper, however, was really as
an exploratory analysis to understand whether these princi-
pal components would independently recapitulate these clin-
ical patterns.

And so I think the question is: how do you identify pa-
tientswho are at risk of bleeding to death, versus thosewho don’t
hemorrhage but who are at risk of having an uncontrolled in-
flammatory response to trauma.

That’s where we’re really looking to go with this work,
and that’s our interest in a closer exploration of the real meaning
of PC2. This is biological work that remains to be done.
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In terms of the question of clinical relevance, we simply
use mean values to try to isolate and understand a subset of
patients with high PC scores to see what the differences in
these populations are. The difference in the mean platelet
counts, for example, is not particularly largeVbut we already
know what a low or high platelet count by itself means.

So: are these patterns differentiating patients who were
or were not coagulopathic early in their clinical course, or, better
yet, are not going to bleed to death but who will have later end-
organ damage from their early inflammatory response to trauma?
I think that most of our standard laboratory measurements are
poor measures of that. That’s how our interest in this work began
in the first place.

In terms of Dr. Rizoli’s comments on hyperfibrinolysis,
we’re very interested in the use of agents like aminocaproic and
tranexamic acid for the treatment of hyperfibrinolysis. And I
think the TEG is a great way of looking that.

TEG, in a way, is a little bit like Principal Components
Analysis in that it distills the clotting cascade into a visual set
of patterns from which more useful numbers like an R or an
MA can be extracted. So a hyperfibrinolytic TEG has a col-
lection of different numbers that you can use to describe it,
but it has a particular shape. And in a sense that shape is that
pattern that we look for.

So if you had a patient who came in with a very high PC1
score and a low to normal PC2 scoreVbasically someone with
depletion coagulopathyVyou could treat that patient very well
with fresh frozen plasma.

But if you had a similar patient with a high PC1 score
but also a high PC2 score, plasma might fix their depletion
coagulopathy but really wouldn’t address the problem of their
hyperfibrinolysis. This is why we’ve been interested in identi-
fying guidelines for empiric and data-based anti-fibrinolytic
therapies.

In terms of Dr. Maier’s question about prehospital crys-
talloid, in San Francisco the average transport time is less than
fifteen minutes and we’re lucky if they have an IV by the time

they get in the door, so our prehospital crystalloid volumes tend
to be in the 0 to 500 range.

And so we don’t really have the variance to determine
many differences based on prehospital data but, as you point out,
I think looking longitudinally during the course of in-hospital
resuscitation we will have the ability to find out what perturbs
this system over time, based on responses to crystalloid, red
cells, FFP, anti-fibrinolytics and other resuscitative measures.

And we look forward to doing that workVit’s just statis-
tically more complex and is going to take more data and time.

I think platelet function and TEG would be excellent
datasets to use the PCA technique on. We actually do have lon-
gitudinal platelet function as well as TEG data on some of
these patients in addition to their clotting factor profiles.We look
forward to doing the same sort of exploratory analyses in those
arenas as well.

In response to Dr. Thomas’ question about looking at
TEG-based resuscitation, I think that this is exactly where this
sense that we need a better understanding of patterns comes
from.

And, as I alluded to, I think hyperfibrinolysis is one of
the critically important patterns to identify early. The difference
between PC1 and PC2 is exactly like one might see in a TEG,
where you can identify hyperfibrinolysis, or you can identify a
separate platelet-based deficit, or a clotting factor-based deficit,
or any number of these things occurring at the same time. And
all of these are treated differently. Both the PCA data here and
TEG used as a resuscitation guide clinically make sense, since
it parallels the way we think. Patterns, not flow-charts.

And finally, in terms of fibrinogen as well as some other
clotting cascade elements and adjuncts, we don’t have as com-
plete a set of measurements for these as we do from our stan-
dard factor level profiles, but we are in the process of expanding
our standard battery of measurements as well as going back to
re-measure some of these in our stored samples as well.

Thank you very much for the privilege of presenting our
work today.
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Cause and timing of death in massively transfused
trauma patients

Michael W. Cripps, MD, Matthew E. Kutcher, MD, Aaron Daley, MA, Ryan C. McCreery, BS,
Molly D. Greenberg, BS, Leslie M. Cachola, BA, Brittney J. Redick, BA, Mary F. Nelson, RN MPA,

and Mitchell Jay Cohen, MD, Dallas, Texas

BACKGROUND: The purpose of this studywas to characterize the cause of death in severely injured trauma patients to define potential responses
to resuscitation.

METHODS: Prospective analysis of 190 critically injured patients who underwent massive transfusion protocol (MTP) activation or
received massive transfusion (910 U of packed red blood cells [RBC] per 24 hours). Cause of death was adjudicated into one
of four categories as follows: (1) exsanguination, (2) early physiologic collapse, (3) late physiologic collapse, and (4)
nonsurvivable injury.

RESULTS: A total 190 patients underwent massive transfusion orMTPwith 76 deaths (40%mortality), of whom 72 deaths were adjudicated
to one of four categories: 33.3% died of exsanguination, 16.6% died of early physiologic collapse, 11.1% died of late physiologic
collapse, while 38.8% died of nonsurvivable injuries. Patientswho died of exsanguinationwere younger and had the highest RBC/
fresh frozen plasma ratio (2.97 [2.24]), although the early physiologic collapse group survived long enough to use the most blood
products ( p G 0.001). The late physiologic collapse group had significantly fewer penetrating injuries, was older, and had
significantlymore crystalloid use but received a lower RBC/fresh frozen plasma ratio (1.50 [0.42]). Thosewhowere determined to
have a nonsurvivable injury had a lower presenting Glasgow Coma Scale (GCS) score, fewer penetrating injuries, and higher
initial blood pressure reflecting a preponderance of nonsurvivable traumatic brain injury. The average survival time for patients
with potentially survivable injuries was 2.4 hours versus 18.4 hours for nonsurvivable injuries (p G 0.001).

CONCLUSION: Severely injured patients requiring MTP have a high mortality rate. However, no studies to date have addressed the cause of
death after MTP. Characterization of cause of death will allow targeting of surgical and resuscitative conduct to allow extension
of the physiologic reserve time, therefore rendering previously nonsurvivable injury potentially survivable. (J Trauma Acute
Care Surg. 2013;75: S255YS262. Copyright * 2013 by Lippincott Williams & Wilkins)

LEVEL OF EVIDENCE: Prognostic study, level III.
KEY WORDS: Massive transfusion; cause of death; epidemiology of trauma.

Considerable interest and research exist regarding optimal
resuscitation of the severely injured trauma patients. Mul-

tiple recent studies have shown that early use of a balanced
resuscitation via a massive transfusion protocol (MTP) decreases
mortality in these patients.1Y6 Despite data that overwhelmingly
support these plasma-based advances in resuscitation, there is
considerable disparity in effectiveness from center to center
and from study to study. Even in the most optimistic studies, the
severely injured continue to have considerable mortality.7,8 This
high mortality rate lends to a large population of potentially
preventable deaths, and the lack of data on the cause of early death
after injury makes it difficult to determine the true effectiveness
of balanced resuscitation protocols on patients with severe sur-
vivable injuries.

Indeed, the majority of epidemiologic studies have examined
the mechanism of injury rather than the cause of or physiology
preceding death. It has been well described that trauma patients
die at three distinct time points and that truncal hemorrhage is
a leading cause of potentially preventable death.9,10 Despite these
characterizations, identification of which patients die of anatom-
ically nonsurvivable (and hence not able to resuscitate) injury
versus which patients exsanguinate from anatomically surviv-
able injury versus which patients survive initially only to perish
from late physiologic collapse has not been performed. Hence,
we hypothesized that the characterization of the precise cause
of death would not only provide significant insight into epi-
demiologic reasons for mortality but also elucidate reasons for
the effectiveness of resuscitation protocols. Ultimately, this
would help to more efficiently target resources and resuscitation
of our injured war fighters and civilians that could allow exten-
sion of the physiologic reserve time, thereby rendering previ-
ously nonsurvivable injury potentially survivable.

PATIENTS AND METHODS

Data were prospectively collected from 190 critically
injured trauma patients who met the highest level of trauma
activation criteria on arrival to the emergency department of
San Francisco General Hospital from 2005 to 2011. Inclusion
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criteria consisted of all patients in whom the MTP was acti-
vated (MTP is defined later). Patients who were younger than
18 years, had greater than 5% body surface area burns, received
more than 2 L of intravenously administered fluid before ar-
rival, or were transferred from another institution were ex-
cluded. Admission blood samples were collected immediately
upon arrival to the emergency department and processed as
previously described elsewhere.11 Standard laboratory, resus-
citation, and outcome data were prospectively collected in
parallel. Consent was obtained as approved by the University of
California Institutional Committee on Human Research.

Activation of the MTP was based on clinician judgment,
immediately on arrival, or if there were ongoing transfusion
requirements. Massive transfusion(MT) was defined as trans-
fusion of 10 or more units of red blood cells within the first
24 hours of admission, in patients surviving to 24 hours; to
account for survivor bias and to include patients who received
high-volume transfusion but did not survive to 24 hours, scaled
transfusion of 5 or more units in patients dying by 12 hours
or 2.5 or more units in patients dying by 6 hours were also
defined as MT. MTP activation releases 4 U of fresh frozen

plasma (FFP) and 6 U of packed red blood cell pRBC from the
blood bank with apheresis platelets and cryoprecipitate being
released on orders. At the time of the study, neither tranexamic
acid nor factor VII was part of the MTP.

The cause of death was codified and adjudicated by two
independent trauma surgeons.The cause of death categorieswere
defined as follows: (1) exsanguinationVthe patient died because
of uncontrolled surgical hemorrhage; (2) early collapseVthe
patient died within 24 hours of arrival to the hospital from
physiologic collapse, after adequate control of surgical bleeding;
(3) late cardiopulmonary collapseVthe patient received surgical
and/or intensive care therapy, had adequate hemorrhage control,
and died of cardiopulmonary failure later than 24 hours after
admission; (4) nonsurvivable injuryVfor the purposes of this
analysis, survivability was based on chart documentation of the
attending trauma surgeon or neurosurgeon, in whose judgment
the patient was deemed to have a nonsurvivable injury by at least
one of the following: physical examination, diagnostic imaging
(i.e., computed tomographic scan), cerebral blood flow imaging,
or operative findings. We then compared nonsurvivors in the
three broad categories of exsanguination, early collapse, and late

TABLE 1. Demographics and Resuscitation of Those Who Survived Compared With Those Who Had a Potentially Survivable Injury
but Still Died and Those With Anatomically Nonsurvivable Injuries

Survivors (n = 114) Potential Survivors (n = 44) Anatomically Nonsurvivable (n = 28) p

Age, y 35.8 (16.4) 38.3 (17.8) 45.7 (23.0) 0.033

Sex, male, % 74.6% 84.1% 64.3% 0.167

Penetrating injury, % 53.5 61.4 28.6 0.021

Head Abbreviated Injury Scale (AIS) score 2.2 (2.0) 2.4 (2.0) 2.9 (2.3) 0.511

ISS 26.0 (14.9) 31.5 (16.5) 35.9 (19.1) 0.009

GCS score 15 (11Y15) 6 (3Y12) 3 (3Y5.5) G0.001

Temperature, -C 35.8 (0.8) 35.1 (1.6) 35.3 (1.2) 0.016

Heart rate, beats/min 106.7 (28.5) 101.8 (45.9) 99.4 (36.6) 0.508

SBP, mm Hg 104.0 (32.6) 88.2 (43.8) 124.2 (52.3) G0.001

pH 7.25 (0.15) 7.04 (0.19) 7.23 (0.13) G0.001

Base deficit j8.6 (5.3) j15.9 (7.2) j8.8 (6.0) G0.001

Hemoglobin, g/dL 12.0 (2.3) 10.8 (2.6) 11.3 (2.0) 0.018

International normalized ratio (INR) 1.3 (1.1Y1.5) 1.7 (1.4Y2.3) 1.3 (1.2Y1.6) G0.001

Prothrombin time (PT) 15.4 (14.3Y17.5) 19.7 (17.3Y24.5) 15.9 (14.9Y19.7) G0.001

Partial thromboplastin time (PTT) 28.4 (24.9Y32.9) 40.0 (33.3Y54.8) 38.7 (31.5Y55.0) G0.001

Platelets � 103 276 (93) 180 (90) 243 (111) G0.001

White blood cell � 103/HL 11.0 (8.0Y14.2) 8.3 (5.3Y11.6) 9.7 (6.4Y13.6) 0.006

Creatinine, mg/dL 1.0 (0.8Y1.3) 1.3 (1.1Y1.4) 1.0 (0.9Y1.3) 0.002

Prehospital Intravenously administered fluid (IVF), mL 250 (50Y500) 100 (25Y750) 150 (25Y1,400) 0.892

24-h crystalloid, mL 6.3 (4.4Y10.1) 4.0 (2.0Y9.0) 8.3 (4.1Y11.4) 0.017

24-h colloid, mL 0 (0Y0) 0 (0Y0) 0 (0Y0) 0.362

24-h pRBC, U 10 (6Y17) 23.5 (13Y38.5) 13 (8.5Y19) G0.001

24-h FFP, U 8 (4Y12) 13 (4.5Y24) 10 (4.5Y14) 0.035

24-h platelets, apheresis unit 1 (0Y2) 1 (0Y4) 1 (0Y2) 0.572

%MT 56.1% 86.4% 67.9% 0.001

24-h RBC/FFP ratio 1.47 (0.86) 2.32 (1.76) 1.56 (0.73) G0.001

Minutes to MTP 46.5 (26Y103.5) 19.5 (15Y25) 67 (35Y93) G0.001

Potential survivors had more penetrating injuries, were more hypotensive, were more acidotic, had a greater base deficit, were more coagulopathic compared with both the survivors and
those with nonsurvivable injuries.

Normally distributed data are reported in mean (SD); skewed data are reported as median (interquartile range).
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collapse to each other using analysis of variance,Kruskal-Wallis,
and W2 tests as appropriate. The corresponding data for survivors
are provided for reference.

All data are presented as mean (SD), median (interquartile
range), or percentage; univariate comparisons were made using
Student’s t test for normally distributed data,Wilcoxon rank-sum
test for skewed data, and Fisher’s exact test for proportions.
Kaplan-Meier time-to-event analysis and log-rank testing were
used to assess differences in 24-hour and in-hospital mortality
between groups. An > of 0.05 was considered significant. All
data analysis was performed by the authors using Stata version
12 (StataCorp, College Station, TX).

RESULTS

One hundred ninety patients underwent MTorMTP, with
76 deaths (40% mortality), of which 72 deaths were adjudi-
cated to the following: exsanguination, early cardiovascular
collapse, late cardiovascular collapse, or nonsurvivable injury.
Four deaths were excluded because of lack of available doc-
umentation that could clearly identify the cause of death. In the
entire cohort of those patients who died, the mean (SD) agewas
38.4 (18.5) years, with men constituting 75.3% of the popu-
lation. Penetrating injuries were found in 50.5%, and the mean
(SD) Injury Severity Score (ISS) was 28.3 (16.3).

Table 1 compares characteristics of survivors versus po-
tentially survivable mortality versus anatomically nonsurvivable
injury, of which 61% (n = 44) died of a potentially survivable
injury, while 38.8% (n = 28) were deemed to have died of an-
atomically nonsurvivable injuries. Potential survivors had more
penetrating injuries and a greater base deficit and were more
hypotensive, acidotic, and coagulopathic compared with both
the survivors and those with nonsurvivable injuries. The per-
centage of patients who received the full definition of an MT is
listed as percent massive transfusion (%MT). The physiologic
parameters in the anatomically nonsurvivable group were con-
sistent with those seen in patients with traumatic brain injury,
which was also identified by computed tomographic scan or
physical examination in 96.4% of the patients (Table 5).

We next compared the survivors (n = 114) with those who
had died despite having potentially survivable injury (n = 44)
(Table 2) and found that these two groups were similar in age,
mechanism, ISS, temperature, and heart rate. However, thosewho
died presented with lower Glasgow Coma Scale (GCS) score
and systolic blood pressure (SBP) and were significantly more
acidotic and coagulopathic than those who survived. Moreover,
the potentially survivable cohort used less crystalloid but signif-
icantly more blood products. The cause of death in patients with
potentially survivable injuries was divided into (1) exsanguina-
tion, (2) early physiologic collapse, or (3) late physiologic col-
lapse, and compared with the those with nonsurvivable injuries;
survivor data are provided for reference (Table 3). Of patients in
this cohort, 38.8% (n = 28) died of anatomically nonsurvivable
injury and 33.3% died of exsanguination (n = 24). The percentage
of deaths attributed to early physiologic collapse in this group
was 16.6% (n = 12), while late physiologic collapse constituted
11.1% of deaths (n = 8).

Evaluation of the demographics of each group shows that
the late physiologic collapse groupwas older and had significantly

fewer penetrating injuries ( p G 0.02). Thosewhowere determined
to have a nonsurvivable injury had a lower presenting GCS score,
fewer penetrating injuries, and higher initial blood pressure
(Table 3).

Analysis of the resuscitation of each group indicated
that the late physiologic collapse group had significantly more
24-hour crystalloid use, but the RBC/FFP ratio was 1.50 (0.42).
Patients who died of exsanguination were younger and had
the highest RBC/FFP ratio, although the early physiologic
collapse group survived long enough to use the most blood
products ( p G 0.001).

We then performed a Kaplan-Meier time-to-event analysis
using log-rank testing to assess differences in 24-hour and in-
hospital mortality between groups. The median survival time
for patients who died of exsanguination was 1.6 hours versus
5.7 hours for thosewho died of early physiologic collapse. Those
with nonsurvivable injuries died at a median of 18.4 hours after
arrival, while those who died of late physiologic collapse had a
median survival time to 338.6 hours ( p G 0.001, Fig. 1).

TABLE 2. Demographics and Resuscitation of Those Who
Survived Compared With Those Who Had Potentially Survivable
Injuries but Died

Survivors
(n = 114)

Potential Survivors
(n = 44) p

Age, y 35.8 (16.4) 38.3 (17.8) 0.426

Sex, male, % 74.6 84.1 0.290

Penetrating injury, % 53.5 61.4 0.475

Head AIS score 2.2 (2.0) 2.4 (2.0) 0.739

ISS 26.0 (14.9) 31.5 (16.5) 0.115

GCS score 15 (11Y15) 6 (3Y12) G0.001

Temperature, -C 35.8 (0.8) 35.1 (1.6) 0.082

Heart rate, beats/min 106.7 (28.5) 101.8 (45.9) 0.522

SBP, mm Hg 104.0 (32.6) 88.2 (43.8) 0.036

pH 7.25 (0.15) 7.04 (0.19) G0.001

Base deficit j8.6 (5.3) j15.9 (7.2) G0.001

Hemoglobin, g/dL 12.0 (2.3) 10.8 (2.6) 0.013

INR 1.3 (1.1Y1.5) 1.7 (1.4Y2.3) G0.001

PT 15.4 (14.3Y17.5) 19.7 (17.3Y24.5) G0.001

PTT 28.4 (24.9Y32.9) 40.0 (33.3Y54.8) G0.001

Platelets � 103 276 (93) 180 (90) G0.001

White blood cell� 103/HL 11.0 (8.0Y14.2) 8.3 (5.3Y11.6) 0.002

Creatinine, mg/dL 1.0 (0.8Y1.3) 1.3 (1.1Y1.4) G0.001

Prehospital IVF, mL 250 (50Y500) 100 (25Y750) 0.663

24-h crystalloid, mL 6.3 (4.4Y10.1) 4.0 (2.0Y9.0) 0.008

24-h colloid, mL 0 (0Y0) 0 (0Y0) 0.591

24-h pRBC, U 10 (6Y17) 23.5 (13Y38.5) G0.001

24-h FFP, U 8 (4Y12) 13 (4.5Y24) 0.013

24-h platelets, apheresis
unit

1 (0Y2) 1 (0Y4) 0.540

%MT 56.10% 86.4% G0.001

24-h RBC/FFP ratio 1.47 (0.86) 2.32 (1.76) 0.005

Minutes to MTP 46.5 (26Y103.5) 19.5 (15Y25) G0.001

These groups were similar in age, percentage of penetrating mechanism, ISS, tem-
perature, and heart rate, but those who died presented with lower GCS score and SBP and
were significantly more acidotic and coagulopathic compared with those who survived.

Normally distributed data are reported in mean (SD); skewed data are reported as
median (interquartile range).
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We next evaluated those patients with anatomically non-
survivable injury (n = 28) and compared them with the rest of
the study population at large (n = 158), to identify predictive
factors for anatomically nonsurvivable injuries (Table 4). Again,
the group with nonsurvivable injuries had fewer penetrating
injuries ( p G 0.013), significantly lower presenting GCS score
( p G 0.001), and higher initial SBP ( p G 0.023). There were no
identifiable differences in the resuscitation of the two groups.

Finally, we compared only the patients who died, divided
into those who had a potentially survivable injury but still suc-
cumbed to their injuries, versus those who were deemed to have
an anatomically nonsurvivable injury (Table 5). This continued
to show traumatic brain injury as the driving force in patients
with nonsurvivable injury. The patients with nonsurvivable inju-
ries had statistically significantly lower GCS score, higher SBP,
fewer penetrating wounds, less acid-base derangement, and less
coagulopathy. The patients with nonsurvivable injuries did use
more crystalloid, used fewer pRBCs, and had a lower RBC/FFP
ratio than those with potentially survivable injuries. There was
also a significantly longer time to activation of theMTP in patients

with nonsurvivable injuries of 67 minutes versus 19.5 minutes
( p G 0.001).

DISCUSSION

The cause of death confounds any discussion regarding
the optimal resuscitation of severely injured patients. Whether
these deaths result from the failure of surgical care and resus-
citation or are the sequelae of overwhelming injury, which is
refractory to any resuscitative conduct, remains an open ques-
tion. To address this requires investigation into the causes of
death and a classification of anatomically nonsurvivable versus
potentially survivable injury. Hence, the aim of this articlewas to
codify the cause of death of the severely injured trauma patients
to learn more about the reasons for death and to better charac-
terize which of our patients have a chance of survival and would
potentially benefit fromaggressive and progressive resuscitation.

Often, patients are said to bleed to death; however, this
description can be highly variable. Some patients bleed to death
from giant holes in major vessels. In these cases, resuscitation

TABLE 3. Demographics and Resuscitation by Cause of Death With Survivors Shown for Reference

Survivors

Cause of Death

p

Potential Survivors Anatomically
NonsurvivableExsanguination Early Collapse Late Collapse

(n = 114) (n = 24) (n = 12) (n = 8) (n = 28)

Age, y 35.8 (16.4) 32.8 (16.4) 39.8 (16.3) 52.6 (17.5) 45.7 (23.0) 0.039

Sex, male, % 74.6 95.8 66.7 75.0 64.3 0.023

Penetrating injury, % 53.5 83.3 50.0 12.5 28.6 G0.001

Head AIS score 2.2 (2.0) 1.7 (2.1) 2.4 (2.3) 3.3 (1.7) 2.9 (2.3) 0.440

ISS 26.0 (14.9) 37.8 (19.5) 31.4 (12.2) 22.1 (11.4) 35.9 (19.1) 0.208

GCS score 15 (11Y15) 4 (3Y12) 6 (3Y14) 11 (6Y14) 3 (3Y5.5) 0.035

Temperature, -C 35.8 (0.8) 35.3 (1.6) 35.6 (0.9) 34.6 (2.1) 35.3 (1.2) 0.673

Heart rate, beats/min 106.7 (28.5) 93.8 (58.1) 113.5 (30.4) 105.4 (22.7) 99.4 (36.6) 0.623

SBP, mm Hg 104.0 (32.6) 77.7 (44.7) 94.9 (42.7) 108.1 (38.1) 124.2 (52.3) 0.008

pH 7.25 (0.15) 6.99 (0.20) 7.05 (0.20) 7.16 (0.15) 7.23 (0.13) G0.001

Base deficit j8.6 (5.3) j18.1 (8.3) j13.2 (6.2) j14.4 (5.0) j8.8 (6.0) G0.001

Hemoglobin, g/dL 12.0 (2.3) 10.9 (2.8) 10.7 (1.6) 10.5 (3.5) 11.3 (2.0) 0.817

INR 1.3 (1.1Y1.5) 1.9 (1.7Y2.3) 1.5 (1.2Y3.0) 1.8 (1.1Y2.6) 1.3 (1.2Y1.6) 0.018

PT 15.4 (14.3Y17.5) 20.7 (19.3Y23.8) 17.6 (16.2Y30.4) 20.8 (14.6Y26.8) 15.9 (14.9Y19.7) 0.121

PTT 28.4 (24.9Y32.9) 43.2 (39.0Y60.9) 41.2 (32.6Y52.8) 33.6 (27.4Y78.5) 38.7 (31.5Y55.0) 0.475

Platelets � 103 276 (93) 171 (87) 205 (100) 158 (85) 243 (111) 0.072

White blood cell � 103/HL 11.0 (8.0Y14.2) 5.6 (5.0Y8.4) 8.6 (6.6Y13.6) 11.3 (9.2Y14.7) 9.7 (6.4Y13.6) 0.004

Creatinine, mg/dL 1.0 (0.8Y1.3) 1.3 (1.2Y1.4) 1.4 (1.2Y1.5) 1.1 (0.8Y1.3) 1.0 (0.9Y1.3) 0.017

Prehospital IVF, mL 250 (50Y500) 100 (0Y750) V 100 (100Y100) 150 (25Y1,400) 0.892

24-h crystalloid, mL 6.3 (4.4Y10.1) 3.0 (2Y4.9) 4.0 (2Y7.5) 16.0 (9Y19.5) 8.3 (4.1Y11.4) G0.001

24-h colloid, mL 0 (0Y0) 0 (0Y0) 0 (0Y0.5) 0 (0Y0.6) 0 (0Y0) 0.141

24-h pRBC, U 10 (6Y17) 18.5 (10Y28.5) 36.5 (19.5Y65) 23.5 (20Y39) 13 (8.5Y19) G0.001

24-h FFP, U 8 (4Y12) 6.5 (3Y13) 25.0 (15Y35.5) 18.0 (14Y23.5) 10 (4.5Y14) G0.001

24-h platelets, apheresis unit 1 (0Y2) 0 (0Y0) 3.5 (1Y5) 3 (2.5Y4.5) 1 (0Y2) G0.001

%MT 56.10% 75.0% 100.0% 100.0% 67.9% 0.049

24-h RBC/FFP ratio 1.47 (0.86) 2.97 (2.24) 1.74 (0.63) 1.50 (0.42) 1.56 (0.73) 0.004

Minutes to MTP 46.5 (26Y103.5) 19 (15Y24) 24 (14Y47) 21 (21Y21) 67 (35Y93) 0.002

There is a higher RBC/FFP ratio in the exsanguination group as well as significantly higher crystalloid use in the late collapse cohort. In addition, all patients in the early and late
collapse cohorts received full MTP, while only 75% and 67.9% of exsanguination and nonsurvivable, respectively, received full MTP.

Normally distributed data are reported in mean (SD); skewed data are reported as median (interquartile range).
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and the biology of coagulation are irrelevant; overwhelmed by
the severity of injury, these patients are in need of rapid transport
to an operating theater for definitive surgical control of their in-
juries. Other patients are described as having succumbed to their
injuries despite surgical control, with some dying of physiologic
degradation in the operating room, while others slowly decom-
pensate in the intensive care unit. While these codifications seem
intuitive, they have yet to be specifically described in the literature.

Since the landmark trauma epidemiology article by Baker
et al.12 in 1980, there have been multiple studies10,13Y18 evalu-
ating the epidemiologyof trauma.These publications are roughly
divided into examinations of mechanism of injury and physio-
logic cause of death. Although the vast majority of these epi-
demiology articles dealwith the mechanism of injury for the use
of regional traumamanagement and injury prevention programs,
there are few which have focused on the reasons for death. To
date, however, no studies have examined the potential surviv-
ability after injury and effects of resuscitation.

Previous studies that have evaluated the cause of death
demonstrate that central nervous system injury and hemor-
rhage remain the two most significant causes of death, with each
contributing 30% to 40%10,16,19,20 of the mortality in trauma
patients. In our study,we sawan injury percentage rates similar to
these previous reports, with exsanguination causing death in
33.3% of the patients and 38.8% having injuries that were
deemed to be nonsurvivable (96.4% had brain injury).

Analysis of the cause of death in the recentmilitary conflicts
provides insight into potentially survivable versus nonsurvivable
injuries.21Y23 Similar to our study, these studies show that trau-
matic brain injury is the leading cause of nonsurvivable injury,22

while hemorrhage and, more specifically, truncal hemorrhage
remains as the leading cause of potentially survivable death in the
military population.21Y23 While these studies highlight the im-
provements in survival made by tactical combat casualty care, our
study has increased the granularity of these military analyses by
separating the potentially survivable cause of death into hemor-
rhage, early physiologic collapse, and late physiologic collapse.

The use of hemostatic resuscitation has been shown to
improve survival in severely injured patients. However, the ability
to identify early which patients need hemostatic resuscitation
and the mathematical phenomenon of ‘‘decedent dropout’’ can
hinder these studies. Early activation of an MTP has been
demonstrated to improve survival1Y6 but can result in unnec-
essary MTP activation. We have attempted to address this by
including the %MT to provide more accurate description of
how many patients in each category achieved a ‘‘full MT’’ as
defined in the Patients and Methods section. Decedent dropout
is the result of early death in trauma patients, which results in an
elevated RBC/FFP ratio. This elevated ratio is not necessarily
reflective of the efficacy of the resuscitation but, instead, can
indicate death before FFP being available for transfusion.

TABLE 4. Demographics and Resuscitation for All Patients
With Survivable Injuries Versus Those With Anatomically
Nonsurvivable Injuries to Identify Predictive Factors for
Anatomically Nonsurvivable Injuries

Survivable Injured
(n = 158)

Anatomically
Nonsurvivable (n = 28) p

Age, y 36.5 (16.8) 45.7 (23.0) 0.052

Sex, male, % 77.2 64.3 0.158

Penetrating
injury, %

55.7 28.6 0.013

Head AIS score 2.2 (2.0) 2.9 (2.3) 0.296

ISS 27.1 (15.4) 35.9 (19.1) 0.031

GCS score 14 (6Y15) 3 (3Y5.5) G0.001

Temperature, -C 35.7 (1.1) 35.3 (1.2) 0.197

Heart rate,
beats/min

105.4 (33.9) 99.4 (36.6) 0.420

SBP, mm Hg 99.6 (36.6) 124.2 (52.3) 0.023

pH 7.20 (0.19) 7.23 (0.13) 0.268

Base deficit j10.3 (6.6) j8.8 (6.0) 0.236

Hemoglobin, g/dL 11.7 (2.4) 11.3 (2.0) 0.369

INR 1.3 (1.2Y1.6) 1.3 (1.2Y1.6) 0.895

PT 15.8 (14.5Y18.7) 15.9 (14.9Y19.7) 0.255

PTT 30.2 (26Y38.1) 38.7 (31.5Y55.0) 0.001

Platelets � 103 252 (101) 243 (111) 0.696

White blood cell �
103/HL

9.8 (7.5Y13.4) 9.7 (6.4Y13.6) 0.938

Creatinine, mg/dL 1.1 (0.9Y1.4) 1.0 (0.9Y1.3) 0.416

Prehospital
IVF, mL

250 (50Y500) 150 (25Y1,400) 0.910

24-h
crystalloid, mL

5.9 (3.1Y9.8) 8.3 (4.1Y11.4) 0.215

24-h colloid, mL 0 (0Y0) 0 (0Y0) 0.187

24-h pRBC, U 13 (7Y21) 13 (8.5Y19) 0.976

24-h FFP, U 8 (4Y17) 10 (4.5Y14) 0.864

24-h platelets,
apheresis unit

1 (0Y2) 1 (0Y2) 0.396

%MT 64.6% 67.9% 0.832

24-h RBC/FFP
ratio

1.71 (1.24) 1.56 (0.73) 0.381

Minutes to MTP 37 (19Y77) 67 (35Y93) 0.103

There is a preponderance of blunt injury, depressed GCS score, and elevated blood
pressure in the group with nonsurvivable injuries.

Normally distributed data are reported in mean (SD); skewed data are reported as
median (interquartile range).

Figure 1. Time-to-death analysis. Those who died of
exsanguination died the earliest at a median time of 1.6 hours,
while those who died of late physiologic collapse died at a
median time of approximately 2 weeks (338.6 hours).
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Ho et al.24 addresses decedent dropout by using a mathematical
model to show the significant risk of survivorship bias in some
observational studies comparing low and high FFP adminis-
tration. Our comparison of cause of death identified the exsan-
guination group as having a statistically significant higher RBC/
FFP ratio.We believe that this is not a failure of transfusion ratios
but more likely a lack of surgical control of hemorrhage from
massive injury rendering resuscitative conduct moot. Those
whodied of early or late physiologic collapse had similar ratios to
the survivors, raising interesting questions. Did the early phys-
iologic collapse need ratios closer to 1:1?Were patients in the late
physiologic collapsegroupoverresuscitated early, leading toward
later collapse? The differences in transfusion ratios in our study
call for the codification of cause of death in clinical studies so that
physiologic responses to resuscitation strategies can be accu-
rately stratified.

The injured patient in whom surgical control has been
obtained and a vigorous resuscitation has been used but who still
succumbs to his or her injuries from early physiologic collapse
proves to be a very frustrating cohort. Anecdotally, these are the
patients with significant injury who despite surgical control of
the injury and an initial trajectory toward survival becomes re-
fractory to resuscitation and enter a spiral of decompensation
and die. These frustrating patients present with no predicting

factors as comparedwith thosewho exsanguinate, despite having
achieved surgical hemorrhage control. What effect our resusci-
tative efforts have on this cohort remains an open question.
One hypothesis is that our better resuscitative conduct allows
for correction of coagulopathy and restoration of appropriate
physiology, providing more time for surgical bleeding control
in a patient thatwould have previously exsanguinated. In a subset
of these patients, large-volume blood productYbased resuscita-
tionmay havemerely prolonged survival past initial hemorrhage
control in patients who essentially had nonsurvivable injuries,
shifting their cause of death to early physiologic collapse. Their
significantly higher blood product use, despite not reaching
optimal ratios, hints at this. Another theory is that these patients
have a survivable injury which, with better resuscitation, would
not cross the threshold of physiologic collapse. In this case, ef-
forts at better resuscitation would prevent exhaustion of physi-
ologic reserve and ultimately lead to survival. This groupuses the
most blood products and still has a poor outcome.This intuitively
survivable cohort in whom resuscitation practices may make the
critical difference between survival and death should receive
increased trauma resuscitation research.

The prolonged median time to death from late physio-
logic collapse indicates that we are improving in our ability to
keep these patients alive longer than demonstrated in previous

TABLE 5. Demographics and Resuscitation of Those Who Had Survivable Injuries but Still Died Versus Those With Anatomically
Nonsurvivable Injuries Identify Traumatic Brain Injury as the Driving Force of the Cohort With Anatomically Nonsurvivable Injuries

Potential Survivors (n = 44) Anatomically Nonsurvivable (n = 28) p

Age, y 38.3 (17.8) 45.7 (23.0) 0.154

Sex, male, % 84.1 64.3 0.086

Penetrating injury, % 61.4 28.6 0.008

Head AIS score 2.4 (2.0) 2.9 (2.3) 0.462

ISS 31.5 (16.5) 35.9 (19.1) 0.367

GCS score 6 (3Y12) 3 (3Y5.5) 0.018

Traumatic brain injury 20.5% 96.4% G0.001

Temperature, -C 35.1 (1.6) 35.3 (1.2) 0.695

Heart rate, beats/min 101.8 (45.9) 99.4 (36.6) 0.807

SBP, mm Hg 88.2 (43.8) 124.2 (52.3) 0.004

pH 7.04 (0.19) 7.23 (0.13) G0.001

Base deficit j15.9 (7.2) j8.8 (6.0) G0.001

Hemoglobin, g/dL 10.8 (2.6) 11.3 (2.0) 0.360

INR 1.7 (1.4Y2.3) 1.3 (1.2Y1.6) 0.005

PT 19.7 (17.3Y24.5) 15.9 (14.9Y19.7) 0.036

PTT 40 (33.3Y54.8) 38.7 (31.5Y55.0) 0.801

Platelets � 103 180 (90) 243 (111) 0.019

White blood cell � 103/HL 8.3 (5.3Y11.6) 9.7 (6.4Y13.6) 0.073

Creatinine, mg/dL 1.3 (1.1Y1.4) 1.0 (0.9Y1.3) 0.012

Prehospital IVF, mL 100 (25Y750) 150 (25Y1,400) 0.632

24-h crystalloid, mL 4.0 (2Y9) 8.3 (4.1Y11.4) 0.033

24-h colloid, mL 0 (0Y0) 0 (0Y0) 0.355

24-h pRBC, U 23.5 (13Y38.5) 13 (8.5Y19) 0.001

24-h FFP, U 13 (4.5Y24) 10 (4.5Y14) 0.133

24-h platelets, apheresis unit 1 (0Y4) 1 (0Y2) 0.267

%MT 86.40% 67.9% 0.077

24-h RBC/FFP ratio 2.32 (1.76) 1.56 (0.73) 0.016

Minutes to MTP 19.5 (15Y25) 67 (35Y93) G0.001

Normally distributed data are reported in mean (SD); skewed data are reported as median (interquartile range).
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studies.10,14,16,19,20 The time-to-death analysis are comparable
with older studies that16,20 reported 84.5% of their patients died
within 48 hours and only 41 patients (6.5%) lived greater than
1 week. Our analysis showed that 89% of patients died within
48 hours and 11% had a median time to death of 2 weeks. This
is a clear indication that our critical care techniques are im-
proving and that specific analysis of the cause of death in future
studies will aid in identifying targeted methods to improve
outcomes.

Our data show that those patients who were deemed
to have a nonsurvivable injury who still underwent a MTP
did so with an average activation time of 67 minutes versus
19.5 minutes for those who were deemed to have a potentially
survivable injury but died anyway. It is interesting that there
is such a long delay in these patients. This was not affected
by withdrawal of care, as only three patients who had care
withdrawn (data not shown). We hypothesize that this increase
in lag time to the activation of an MTP is secondary to the
prominence of traumatic brain injury in these patients, which
may delay MTP activation until there is progression of bleed,
deterioration in clinical examination, and so on. The earlier
identification of these patients may be prudent to assist families
in decision making and to allocate resources in a more efficient
manner.

The choice of the cause-of-death categories is based on
physiologic principles and the clinical observation that patients
who die after undergoing MT fall into distinct general physi-
ologic conditions. While we recognize that there are additional
subsets of potential interest, such as the presence or absence of
coagulopathy, our study is limited by the total number of pa-
tients in our data set. The selection of these groups inherently
affect some aspects of the study results (such as time to death),
but the differences in physiologic parameters and resuscitation
for each group identified here lends credence to these cate-
gories as clinically relevant.

As a result of our analysis, we believe that a staged ap-
proach to the goals of resuscitation should be considered in
discussions of trauma epidemiology. Patients who die of
uncontrolled hemorrhage are ultimately best served by injury
prevention efforts and optimization of evacuation to definitive
surgical treatment. Those who die of early physiologic collapse
need better-targeted resuscitation. Those who die of late phys-
iologic collapse need improvements in critical care; however, the
early resuscitation of these patients may also play a critical role
in their long-term trajectory.

CONCLUSION

This article supports the need for a multi-institutional
study and the start of a national data bank that codifies the
cause of death in trauma patients to specifically identify risk
factors and better-targeted therapy for exsanguination, physi-
ologic collapse, and nonsurvivable injuries. The inclusion of
these data into quality improvement programs could help
identify areas of improvement in trauma resuscitation.
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The whole is greater than the sum of its parts:
Hemostatic profiles of whole blood variants

Lucy Z. Kornblith, MD, Benjamin M. Howard, MD, MPH, Christopher K. Cheung, Yelena Dayter, MD,
Suchitra Pandey, MD, Michael P. Busch, MD, PhD, Shibani Pati, MD, PhD, Rachael A. Callcut, MD,

Ryan F. Vilardi, Brittney J. Redick, Mary F. Nelson, RN,
and Mitchell Jay Cohen, MD, San Francisco, California

BACKGROUND: Mounting evidence highlighting the benefits of hemostatic resuscitation has led to a renewed interest in whole blood (WB) and
reconstitutedWB (RWB). However, few data exist to characterize the clotting profiles of these variants. This study characterizes banked
WB variants and RWB in standard 1:1:1 and 2:1:1 transfusion ratios of packed red blood cells, fresh frozen plasma, and platelets (PLTs).
We hypothesized that the global hemostatic profile of 1:1:1 RWB is superior to 2:1:1 RWB and that PLT-modified WB (MWB) is
superior to 1:1:1 RWB.

METHODS: Twenty-three units of packed red blood cells, fresh frozen plasma, and PLTswere obtained from the regional blood collection center and
mixed to create 23 1:1:1 and 23 2:1:1 RWB units. Freshly donated WB units were obtained and used to create 11 of each nonmodified
WB (NMWB) (room temperature and cooled) andMWB (room temperature and cooled) variants. International normalized ratio (INR)/
partial thromboplastin time (PTT), complete blood cell count, functional studies, and an extensive panel of procoagulant and anti-
coagulant factor assays were performed on all products.

RESULTS: The 1:1:1 RWB had significantly lower INR and PTT (1.31 vs. 1.55, p = 0.0029; 42 seconds vs. 50 seconds, p = 0.0008) and higher
activity of factors II, V, VII, VIII, IX, and X; antithrombin III, as well as protein C and higher fibrinogen levels than did 2:1:1 RWB
(factor IX, 86% vs. 70%, p = 0.0313; fibrinogen, 242mg/dL vs. 202mg/dL, p = 0.0385). Therewere no differences in INR/PTTor factor
activity between MWB and NMWB. However, MWB had greater maximum clot firmness (MCF) by rotational thromboelastometry
tissue factorYactivated extrinsic clotting cascade measures than did NMWB (MCF, 61 mm vs. 50 mm, p = 0.0031). MWB also had
greater MCF by rotational thromboelastometry tissue factorYactivated extrinsic clotting cascade measures than did 1:1:1 RWB (MCF,
61 mm vs. 45 mm, p = 0.0005).

CONCLUSION: Although 1:1:1 RWB had a superior clotting profile relative to 2:1:1 RWB,MWB exhibited even better global hemostasis than did 1:1:1
RWB. Characterization of factor-level and functional clotting differences between WB variants is imperative for understanding
the clinical benefits of hemostatic resuscitation. (J Trauma Acute Care Surg. 2014;77: 818Y827. Copyright * 2014 by Lippincott
Williams & Wilkins)

KEY WORDS: Whole blood; reconstituted whole blood; characterization.

The assorted medicinal uses of blood date back to ancient
times, yet it was not until World War I that the US Army

Medical Department officially adopted transfusion with citrated
whole blood (WB) as a lifesaving intervention on the battlefield.1

This practice continued throughWorld War II, the Korean War,

and the Vietnam Conflict.2Y5 However, with blood banking ad-
vances in processing and storage in the 1960s and the 1970s,
component therapy (packed red blood cells [RBCs], fresh fro-
zen plasma [FFP], and platelets [PLTs]) replaced WB as the
preferred treatment of hemorrhagic shock in both military and
civilian populations.6 Remarkably, during this transition, there
were no studies evaluating the efficacy or superiority of com-
ponent therapy in the treatment of hemorrhagic shock.7 Despite
this lack of data, the shift to component therapy accelerated in
the 1980s, with attention toward optimum resource allocation.
This was due in large part to concern over transfusion-transmitted
diseases including human immunodeficiency virus and viral
hepatitis. Ultimately, the use of freshWBwas precluded, except
in special circumstances, because of the expansion of donor
testing for serologic markers and nucleic acids in centralized
laboratories coupled with the belief that PLTs stored at
2-C to 6-C were cleared faster from circulation than PLTs
stored at 22-C.8Y11 However, the identification and the charac-
terization of acute traumatic coagulopathy,12Y20 along with
emerging evidence suggesting that balanced component resus-
citation improves outcomes in military and civilian injured
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populations,20Y25 have renewed interest in the potential benefits
of WB.7,26Y32

Despite this renewed interest, only one single-center ran-
domized trial of WB (PLT-modified WB [MWB]) compared
with component therapy in injured patients has been completed.7

In addition, limited in vitro data exist to begin to completely
characterize the differences in clotting profiles of banked WB
variants and reconstituted WB (RWB) made from components
mixed in varying ratios.33,34 These data are critical for under-
standing the clinical benefits seen with hemostatic resuscitation
and designing a clinical trial with optimal product comparisons.
We sought to characterize extensive factor-level and functional
profiles of banked nonmodified WB (NMWB) and MWB var-
iants as well as RWB in standard 1:1:1 and 2:1:1 transfusion
ratios of RBC/FFP/PLTs. We hypothesized that the global he-
mostatic profile of 1:1:1 RWB is superior to 2:1:1 RWB and that
the hemostatic profile of MWB is superior to 1:1:1 RWB.

MATERIALS AND METHODS

Donor informed consent and standard blood donation
guidelines of the regional blood collection center (RBCC) were
followed for all products obtained. All productswere deidentified.
Donor characteristics (age, sex, and blood type), volume, col-
lection date, and banked anticoagulant were obtained.

Product Selection/Sample Generation
of WB Variants

Our WB generation schema is detailed in Figure 1A.
Briefly, the RBCC identified 11 freshly donated nontransfusable,
nonleukoreduced WB units. All products were cooled for less
than 24 hours at 2-C to 6-C during processing, typing, and
weighing. Each WB unit meeting weight criteria (overweight
or underweight per blood center protocol; overweight defined
as 9665 grams; underweight defined as G 550 grams) was then
divided into four equal bags using a Triple Bag Aliquot System
(300-mL satellite bags, Charter Medical Ltd., Winston-Salem,
NC). Two of the bags were brought to room temperature after
initial processing, and two of the bags remained cooled at 2-C to
6-C overnight. The next morning, leukoreduced recently expired
(24Y48 hours) PLTs (mean age of PLTs 6.64 T 1.10 days) were
added to one of the bags stored at 2-C to 6-C and one of the bags
stored at room temperature to create MWB variants (modified
room temperature and modified cooled), which were WB units
enriched by the addition of PLTs. All PLTs used were collected
by apheresis. A blood-type compatibility schema was used for
optimal matching (see Supplement 1a, Supplemental Digital
Content 1, http://links.lww.com/TA/A454). The volume of PLTs
added to create the two types of MWB variants was equal to one
twenty-fourth of the original PLTs unit (11.26 [2.70] mL) to mimic
the published transfusion ratio of 6U ofWB:1Uof PLTs ([donated
WB unit/4] � [1 U of PLTs/6 U of WB] = one twenty-fourth).7

The following WB variants were produced from each donated
WBunit: 11 room temperatureWB(RTWB) (140.90 [37.72]mL),
11 cooled WB (CWB) (135.45 [33.01] mL), 11 modified
CWB (MCWB) (136.09 [32.11] mL), and 7 modified RTWB
(MRTWB) (122.14 [38.64] mL). The RTWB and CWB together
composed the NMWB variants, and the MRTWB and MCWB
together composed the MWB variants.

Product Selection/Sample Generation
of RWB Variants

Our RWB unit generation schema is detailed in Figure 1B.
Briefly, 23 of each RWB variant were mixed from components
identified by the RBCC. The RWB units were composed of
leukoreduced recently expired (24Y48hours)RBCs (mean age of
RBCs 42.74 T 1.64 days; see Supplement 1b, Supplemental
Digital Content 1, http://links.lww.com/TA/A454) stored at 1-C
to 6-C,mixedwith leukoreduced recently expired (24Y48 hours)
PLTs (mean age of PLTs 6.64 T 1.10 days; see Supplement 1b,
SupplementalDigital Content 1, http://links.lww.com/TA/A454)
stored at 20-C to 24-C on a horizontal shaker, and nontransfus-
able (due to potential for human leukocyte/neutrophil antibodies)
FFP stored atj20-Cmixed in 1:1:1 (1UofRBC:1Uof FFP:1/6U
of PLTs) and 2:1:1 (2 U of RBCs:1 U of FFP:1/6 U of PLTs)
ratios. A blood-type compatibility schema was used for optimal
matching (see Supplement 1b, Supplemental Digital Content 1,
http://links.lww.com/TA/A454). A Triple Bag Aliquot System
(150-mL satellite bags, Charter Medical Ltd., Winston-Salem,
NC) was attached to the RBC unit. Plasma productswere thawed
in a plasma water bath (Precision Scientific, Inc., Winchester,
WV) at 37-C for 15 minutes to 30 minutes per transfusion
protocol. RWB variants were mixed on a rotational rocker at
60 rpm for 1 minute.

Laboratory Analysis
The product was withdrawn from the bags after previ-

ously defined processing via a 16-gauge to 18-gauge needle
into a 60-mL syringe and then injected into standard laboratory
vacuum-sealed 4.5-mL tubes containing 3.2% (0.109 mol/L)
sodium citrate (Monoject, Franklin Lakes, NJ), 3-mL tubes
containing 56 United States Pharmacopeia (USP) units of
lithium heparin (BDVacutainer, Franklin Lakes, NJ), and 7-mL
tubes containing EDTA K3EDTA 15% Solution, 0.081 mL,
12.15 mg (BD Vacutainer), for later-defined laboratory testing.

Our methodology for WB laboratory analysis has been
previously described.35,36 Rotational thromboelastometry
(ROTEM)was performed to assess viscoelastic properties of clot
formation with the ROTEM delta (Pentapharm GmbH, Munich,
Germany). Four tests were run simultaneously for each sample:
ROTEM tissue factorYactivated extrinsic clotting cascade mea-
sures (EXTEM) (recalcifier: star-TEM, activator: ex-TEM tis-
sue factor); ROTEM contact-activated intrinsic clotting cascade
measures (INTEM) (mild intrinsic coagulation activation using
recalcifier: star-TEM, activator: in-TEM [intrinsic coagulation
activator]); ROTEM tissue factorYactivated/aprotinin fibrinolytic-
inhibited clotting cascade measures (APTEM ) (fibrinolysis in-
hibitor aprotinin and recalcifier: ap-TEM, activator: ex-TEM);
andROTEMtissue factorYactivated/cytochalasinDPLT-inhibited
clotting cascade measures (FIBTEM) (recalcifier and thrombo-
cyte inhibitor: fib-TEM, activator: ex-TEM). Each sample was
warmed to 37.0-C in theTEMcup, prepared accordinglywith the
use of an automated pipette, and the test was initiated within
20 seconds of mixing 300 HL of bloodwith the recalcifier and the
activator. The presence of fibrinolysis was defined as APTEM
maximum clot firmness (MCF) greater than EXTEM MCF.

Samples were immediately centrifuged to platelet-poor
plasma, and plasma was extracted and analyzed; all sample
analyses were performed by researchers blinded to data. Levels
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of fibrinogen; the activity of the procoagulant factors II, V,
VII, VIII, IX, and X; as well as the endogenous anticoagu-
lants antithrombin III (ATIII) and protein C were assayed.
Fibrinogen; factors II, V, VII, VIII, IX, and X; ATIII; and
protein C were measured with a Stago Compact Coagulation
Analyzer (Diagnostica Stago Inc., Parsippany, NJ) in accor-
dance with manufacturer instructions. Complete blood cell

count was performed in accordance with San Francisco Gen-
eral Hospital Clinical Laboratory standard procedures.

Statistical Analysis
All data are presented as mean (SD). Univariate compar-

isons were made using the Student’s t test or analysis of variance

Figure 1. A, Product selection and sample generation of WB variants. Four WB variants (RTWB, MRTWB, CWB, andMCWB) boxed in
dark gray. Calculation of amount of PLTs used for modification boxed in light gray. WB collected in 500-mL citrate phosphate double
dextrose solution (CP2D) or citrate phosphate dextrose adenine solution 1 (CPDA-1) bags (Haemonetics Corporation, Braintree,MA).
B, Product selection and sample generation of RWB variants. Two RWB variants (2:1:1 RWB and 1:1:1 RWB) boxed in dark gray. RBC
fromWB collectedwith citrate phosphate double dextrose solution (CP2D) or by apheresis with acid citrate dextrose A solution (ACD-
A). PLTS, apheresis PLT unit.
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for normally distributed data, the Wilcoxon rank-sum or the
Kruskal-Wallis test for skeweddata, and the Fisher’s exact test for
proportions. Intergroup comparisons between multiple groups
were judged significant only when corrected for multiple com-
parisons using a standard Bonferroni correction. An > of 0.05
was considered significant. All statistical analyses were per-
formed by the authors using Stataversion 12 (StataCorp, College
Station, TX).

RESULTS

Product Characteristics
The donor and product characteristics of the 23 RBC, FFP,

andPLTunits are detailed inSupplement 2a (SupplementalDigital
Content 2, http://links.lww.com/TA/A455). The donor and
product characteristics of the 11WBunits are detailed in Supplement
2b (SupplementalDigital Content 2, http://links.lww.com/TA/A455).
All productswere analyzed for differences in complete blood cell
count measures, standard coagulation measures, factors, and
functional clotting parameters.

1:1:1 Versus 2:1:1 RWB
Both1:1:1RWBand2:1:1RWBhad a lowwhite blood cell

count (WBC) (0.01 [0.03] � 103/HL vs. 0.00 [0.00] � 103/HL,
p = 0.1522; Table 1) consistent with the leukoreduction of the
RBC. Appropriately, 1:1:1 RWB had a significantly lower he-
moglobin (Hgb) and hematocrit (Hct) than did 2:1:1 RWB but
a higher platelet count (Plts) (Hgb, 9.05 [1.07] g/dL vs. 12.15
[1.22] g/dL, p G 0.001; Hct, 28.93% [3.46%] vs. 39.19%
[3.90%], p G 0.001; Plts, 129.62 [22.23] � 109/L vs. 95.48
[21.85] � 109/L, p G 0.001; Table 1). Notably, 1:1:1 RWB
had a significantly lower international normalized ratio (INR)
and partial thromboplastin time (PTT) than did 2:1:1
RWB (INR, 1.31 [0.18] vs. 1.55 [0.31], p = 0.0029; Table 1,
Fig. 2A); higher factor activity for factors II, V, VII, VIII, IX,
and X, ATIII, as well as protein C; and a higher fibrinogen
level (factor IX, 86.22% vs. 69.78%, p = 0.0313; fibrinogen,
241.65mg/dLvs. 202.04mg/dL,p=0.0385; remaining p9 0.05;
Table 1, Fig. 2B).

Overall, 1:1:1 RWB had a superior clotting profile by
ROTEM compared with 2:1:1 RWB. Tissue factor activated
extrinsic clotting cascade measures (EXTEM) in 1:1:1 RWB
compared with 2:1:1 RWB demonstrated a trend toward faster
clot initiation with a shorter clotting time (CT), a significantly
shorter clot formation time (CFT) (p = 0.0060), and a greater >
angle (p = 0.0032; Table 1). In addition, 1:1:1 RWB compared
with 2:1:1 RWB demonstrated stronger clot with a greater clot
firmness at 10 minutes (a10) (p = 0.0430) and 20 minutes (a20)
(p = 0.0019) as well as a greater MCF (p = 0.0018; Table 1,
Fig. 2C). This pattern was also seen in the contact activated
intrinsic clotting cascade measures (INTEM). The 1:1:1
RWB compared with 2:1:1 RWB showed a trend toward
shorter CT; a significantly shorter CFT (p = 0.0249); greater
> (p = 0.0243); and a stronger a10 (p = 0.0007), a20
(p = 0.0001), and MCF (p = 0.0005; Table 1). The 1:1:1
RWB had higher levels of functioning fibrinogen than did
2:1:1 RWB as demonstrated by tissue factor activation with
cytochalasin D PLT inhibition (FIBTEM) with a stronger
MCF (p G 0.0001; Table 1). Neither 1:1:1 RWB nor 2:1:1
RWB demonstrated fibrinolysis (Table 1).

RTWB Versus CWB Versus MCWB Versus
MRTWB

There were no differences in WBC, Hgb, or Hct between
the four WB variants. As expected, the MCWB had signifi-
cantly higher Plts than did the CWB (299.40 [74.19]� 109/L vs.
191.90 [66.97] � 109/L, p G 0.0083 corrected for multiple

TABLE 1. Clotting Profiles by RWB Variants (1:1:1 Versus 2:1:1)

1:1:1 2:1:1

pn = 23 SD n = 23 SD

INR 1.31 0.18 1.55 0.31 0.0029

PT, s 15.98 1.71 18.20 2.75 0.0024

PTT, s 41.76 4.68 49.92 8.12 0.0008

Factor II, % 65.00 19.81 59.96 17.47 0.1348

Factor V, % 50.91 21.56 41.55 18.80 0.0579

Factor VII, % 62.26 27.41 58.63 22.08 0.2671

Factor VIII, % 76.35 32.17 62.61 24.07 0.1111

Factor IX, % 86.22 25.39 69.78 21.85 0.0313

Factor X, % 66.52 16.12 58.09 14.93 0.0724

ATIII, % 72.65 41.19 62.09 35.00 0.1240

Protein C, % 75.52 24.53 67.65 16.88 0.0782

Fibrinogen, mg/dL 241.65 67.16 202.04 58.40 0.0385

D-dimer, Hg/mL 0.25 0.06 0.23 0.05 0.3497

EXTEM CT, s 145.91 42.81 199.61 159.16 0.2025

EXTEM CFT, s 760.57 1560.60 952.43 1772.07 0.0060

EXTEM >, degrees 56.27 16.00 48.65 9.46 0.0032

EXTEM a10, mm 38.57 14.04 30.43 12.35 0.0430

EXTEM a20, mm 45.83 15.45 38.82 14.30 0.0019

EXTEM MCF, mm 50.35 15.48 43.22 15.74 0.0018

EXTEM ML, % 3.83 7.48 1.04 3.76 0.0054

INTEM CT, s 379.70 99.82 454.13 148.88 0.1088

INTEM CFT, s 698.83 1510.72 936.30 1775.14 0.0249

INTEM >, degrees 52.09 14.22 44.41 13.43 0.0243

INTEM a10, mm 39.87 12.56 31.26 10.92 0.0007

INTEM a20, mm 48.74 14.00 40.43 13.37 0.0001

INTEM MCF, mm 53.57 14.76 46.35 14.57 0.0005

INTEM ML, % 1.00 2.56 0.83 2.92 0.7996

APTEM CT, s 174.00 110.53 192.96 116.48 0.3392

APTEM CFT, s 790.35 1530.98 1034.91 1759.29 0.0517

APTEM >, degrees 53.77 12.06 43.71 13.07 0.0124

APTEM a10, mm 34.78 13.36 28.26 12.03 0.0890

APTEM a20, mm 43.22 14.95 36.00 14.19 0.0142

APTEM MCF, mm 48.43 16.52 40.96 15.62 0.0054

APTEM ML, % 1.00 2.07 2.13 4.85 0.9175

FIBTEM MCF, mm 12.04 2.96 7.91 2.13 0.0000

WBC, � 103/HL 0.01 0.03 0.00 0.00 0.1522

Hgb, g/dL 9.05 1.07 12.15 1.22 0.0000

Hct, % 28.93 3.46 39.19 3.90 0.0000

Plts, � 109/L 129.62 22.23 95.48 21.85 0.0000

Data are given as mean and SD. Significance assessed by the Student’s t test for
normally distributed data and Wilcoxon rank-sum test for nonnormally distributed data.
p G 0.05, significant. CT, time to initial clot formation; CFT, time to 20 mm of clot
firmness; >, angle of tangent at 2 mm of clot firmness.

D-dimer, dimerized plasmin fragment D; ML, maximum lysis; PT, prothrombin time.
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comparisons; Table 2), and the MRTWB trended toward higher
Plts than did the RTWB (p = 0.0128; Table 2), demonstrating
successful addition of PLTs to the WB. There were no differ-
ences in INR, PTT, or factor activity/levels between RTWB,
CWB, MCWB, and MRTWB (all p 9 0.05; Table 2). By
EXTEM, however, MCWB had a significantly stronger MCF
than did CWB (p G 0.0083 corrected for multiple comparisons;
Table 2). Although not significant, there was a trend toward
greater measures of clot strength by EXTEM and INTEM for
a10, a20, and MCF for the MWB variants (MCWB and
MRTWB) compared with their NMWB counterparts (CWB
and RTWB) (Table 2). None of the WB variants demonstrated
fibrinolysis (Table 2).

MWB Versus NMWB
Given that the four WB variants had no differences in

standard coagulation measures or factor activity/levels, but
the MWB variants had improved functional clotting profiles
compared with the NMWB variants, we next combined the
NMWB variants to compare with the combined MWB

counterparts to assess the effects of PLT modification. There
was no difference in WBC or Hgb between NMWB and MWB
(all p 9 0.05; Table 3). However, MWB compared with NMWB
had a significantly lower Hct and appropriately higher Plts
(Hct, 34.51% [3.43%] vs. 37.24% [3.39%], p = 0.0207; Plts,
302.59 [73.75]� 109/L vs. 197.00 [65.76]� 109/L, p = 0.0002;
Table 3). We found no differences in INR, PTT, factor activity,
or levels between MWB and NMWB (all p 9 0.05; Table 3).
Although there were no significant differences between MWB
and NMWB in EXTEM or INTEM clot initiation measures
(CT, CFT, or >), MWB had significantly greater EXTEM clot
strength measures than did NMWB (a10, p = 0.0203; a20,
p = 0.0138; MCF, p = 0.0031; Table 3). Similarly, by INTEM,
MWB had a trend toward stronger a10 and significantly
stronger a20 and MCF (a20, p = 0.0347; MCF, p = 0.0137;
Table 3). Despite the difference in EXTEM and INTEM
MCF, there was nosignificant difference between fibrinogen
function as measured by FIBTEM MCF between MWB and
NMWB (Table 3). Neither MWB nor NMWB demonstrated
fibrinolysis (Table 3).

Figure 2. A, INR of 1:1:1 versus 2:1:1 RWB. B, Percentage of factor activity of 1:1:1 versus 2:1:1 RWB. C, Functional clottingmeasures of
1:1:1 versus 2:1:1 RWB by EXTEMROTEM. >, angle of tangent at 2mmof clot firmness.D, Functional clottingmeasures ofMWB versus
1:1:1 RWB by EXTEM ROTEM. *p G 0.05. II, factor II; V, factor V; VII, factor VII; VIII, factor VIII; IX, factor IX; X, factor X; PC, protein C.
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NMWB Versus 1:1:1 RWB
NMWBhad significantly higherHgb,Hct, and Plts than did

1:1:1 RWB (all p G 0.05; see Supplement 3, Supplemental Digital
Content 3, http://links.lww.com/TA/A456). Therewas nodifference
in INR, but NMWB had a significantly prolonged PTT compared
with 1:1:1 RWB (53.22 [17.22] seconds vs. 41.76 [4.68] seconds;
p = 0.0117; see Supplement 3, Supplemental Digital Content 3,
http://links.lww.com/TA/A456), which we attribute to the signif-
icantly higher factor VIII activity in 1:1:1 RWB compared with
NMWB (76.35% [32.17%] vs. 55.95% [31.16%]; p = 0.0193).

There were no other statistically significant factor differences or
functional clotting differences by ROTEM (see Supplement 3,
SupplementalDigitalContent3, http://links.lww.com/TA/A456).

MWB Versus 1:1:1 RWB
Finally, given the superior clotting profile of 1:1:1 RWB

compared with 2:1:1 RWB and of MWB compared with
NMWB, but the lack of notable differences between NMWB
and 1:1:1, we lastly compared the clotting profiles of 1:1:1
RWB with MWB in search of the most hemostatic product.

TABLE 2. Clotting Profiles by WB Variants (RTWB Versus CWB Versus MCWB Versus MRTWB)

RTWB CWB MCWB MRTWB

pn = 11 SD n = 11 SD n = 11 SD n = 7 SD

INR 1.29 0.20 1.27 0.20 1.27 0.15 1.32 0.14 0.8897

PT, s 15.77 1.92 15.61 1.94 15.70 1.46 16.09 1.35 0.9498

PTT, s 53.89 18.45 52.55 16.79 48.84 11.73 56.36 16.71 0.7353

Factor II, % 68.64 7.51 73.73 7.99 72.73 10.30 70.71 9.07 0.3171

Factor V, % 59.55 13.82 56.36 14.60 49.18 19.66 52.14 12.58 0.4571

Factor VII, % 70.45 21.30 71.27 19.87 72.27 18.02 71.57 8.54 0.9983

Factor VIII, % 55.18 35.60 56.73 27.76 55.91 26.19 59.29 24.86 0.8139

Factor IX, % 86.18 17.56 89.73 19.07 82.00 17.04 87.86 12.69 0.7644

Factor X, % 74.00 12.37 74.82 14.38 73.55 13.79 72.14 13.16 0.9812

ATIII, % 73.73 18.28 77.82 18.98 77.18 19.16 77.29 18.90 0.677

Protein C, % 81.00 14.39 82.18 15.64 82.82 15.17 84.71 10.72 0.9607

Fibrinogen, mg/dL 225.82 56.04 227.73 55.60 225.91 43.33 213.43 39.66 0.9392

D-dimer, Hg/mL 4.66 6.69 4.51 5.87 4.00 6.16 4.02 5.84 0.9302

EXTEM CT, s 220.00 216.31 184.00 119.74 200.27 136.46 207.14 151.87 0.9983

EXTEM CFT, s 622.72 995.07 762.36 1557.49 209.27 122.30 203.86 141.08 0.4145

EXTEM >, degrees 49.90 20.07 48.50 18.81 56.27 13.30 57.57 16.26 0.5672

EXTEM a10, mm 35.09 18.05 34.09 14.44 44.64 9.92 45.57 13.59 0.1749

EXTEM a20, mm 42.82 18.14 43.18 15.87 55.27 8.42 54.86 11.44 0.1052

EXTEM MCF, mm 48.91 17.14 49.00 15.54 61.73 3.55 60.29 7.09 0.0318

EXTEM ML, % 2.45 5.26 1.64 2.34 11.64 12.55 7.57 10.85 0.0468

INTEM CT, s 465.27 256.24 442.73 227.86 396.91 175.89 436.57 158.62 0.9323

INTEM CFT, s 368.09 342.49 368.56 317.20 222.73 114.00 250.57 205.09 0.6404

INTEM >, degrees 48.55 20.59 48.60 14.87 55.27 12.08 59.00 13.55 0.5581

INTEM a10, mm 39.00 16.44 36.18 14.85 45.64 9.04 44.71 15.34 0.3781

INTEM a20, mm 49.09 15.95 47.82 13.43 57.27 5.68 56.29 9.39 0.1789

INTEM MCF, mm 55.64 12.89 54.27 11.55 62.91 4.13 63.71 5.12 0.0840

INTEM ML, % 0.64 0.81 0.82 0.87 0.45 0.52 0.57 0.79 0.8242

APTEM CT, s 206.27 131.50 212.82 104.95 213.36 134.78 190.86 149.99 0.8402

APTEM CFT, s 206.27 131.50 479.45 488.68 312.63 209.27 311.14 296.96 0.5491

APTEM >, degrees 45.73 20.47 44.55 19.32 51.45 15.14 55.00 15.97 0.5808

APTEM a10, mm 29.27 16.99 31.82 14.42 35.91 13.08 39.86 15.88 0.4808

APTEM a20, mm 38.36 16.59 40.82 14.85 46.00 11.45 49.43 14.22 0.3966

APTEM MCF, mm 45.64 17.00 47.91 13.30 55.82 6.63 60.00 6.51 0.0563

APTEM ML, % 9.64 29.99 0.73 0.65 0.36 0.67 0.29 0.49 0.4123

FIBTEM MCF, mm 8.64 4.20 10.82 4.40 10.64 4.84 9.71 1.98 0.6023

WBC, � 103/HL 4.40 1.31 4.51 1.28 4.15 1.32 4.01 1.51 0.7594

Hgb, g/dL 11.24 1.47 11.52 1.26 10.39 1.22 10.90 1.27 0.2698

Hct, % 37.22 3.80 37.26 3.13 33.77 3.34 35.56 3.55 0.0973

PLTs, � 109/L 202.10 67.72 191.90 66.97 299.40 74.19 307.14 78.80 0.0031

Data are given as mean and SD. Significance assessed by analysis of variance for normally distributed data and the Kruskal-Wallis test for nonnormally distributed data. p G 0.05,
significant for overall comparison; p G 0.0083, for intergroup comparisons between multiple groups using standard Bonferroni correction. CT, time to initial clot formation; CFT, time to 20
mm of clot firmness; >, angle of tangent at 2 mm of clot firmness.

D-dimer, dimerized plasmin fragment D; ML, maximum lysis; PT, prothrombin time.
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Similar to previous comparison, although there was no dif-
ference in INR between the 1:1:1 RWB and the MWB (1.31
[0.18] vs. 1.32 [0.14], p = 0.8232), MWB had a significantly
prolonged PTT compared with 1:1:1 RWB (56.35 [16.71]
seconds vs. 41.76 [4.68] seconds; p = 0.0117; Table 4). Again,
we attributed this to the significantly higher factor VIII activity
in 1:1:1 RWB compared with MWB (76.35% [32.17%] vs.
57.22% [24.99%]; p = 0.0201). There were no other notable

factor differences to explain this PTT disparity (Table 4).
However, overall MWB variants had superior functional
clotting profiles by EXTEM and INTEM measures of clot
strength than did 1:1:1 RWB. Although there were no signif-
icant differences between MWB and 1:1:1 RWB in EXTEM
or INTEM CT, CFT, or >, MWB had significantly stronger
EXTEM a20 and MCF than did 1:1:1 RWB (a20, p = 0.0088;
MCF, p = 0.0005; Table 4, Fig. 2D). Similarly, MWB had

TABLE 3. Clotting Profiles of NMWB Variants Versus MWB
Variants

NMWB MWB

pn = 22 SD n = 18 SD

INR 1.28 0.20 1.32 0.14 0.5771

PT, s 53.22 17.22 56.36 1.35 1.0000

PTT, s 15.69 1.88 16.09 16.71 0.7605

Factor II, % 71.18 8.00 71.94 9.61 0.5859

Factor V, % 57.95 13.96 50.33 16.89 0.1453

Factor VII, % 70.86 20.11 72.00 14.73 0.9458

Factor VIII, % 55.95 31.16 57.22 24.99 0.4303

Factor IX, % 87.95 17.98 84.28 15.37 0.5766

Factor X, % 74.41 13.10 73.00 13.17 0.7377

ATIII, % 75.77 18.30 77.22 18.49 0.4218

Protein C, % 81.59 14.68 83.56 13.30 0.6599

Fibrinogen, mg/dL 226.77 54.48 221.06 41.22 0.7079

D-dimer, Hg/mL 4.59 6.14 4.01 5.87 0.7115

EXTEM CT, s 202.00 171.60 202.94 138.22 0.8919

EXTEM CFT, s 692.54 1277.40 207.17 125.82 0.0972

EXTEM >, degrees 49.20 18.94 56.78 14.07 0.1692

EXTEM a10, mm 34.60 15.96 45.00 11.10 0.0203

EXTEM a20, mm 43.00 16.63 55.11 9.37 0.0138

EXTEM MCF, mm 48.95 15.96 61.17 5.07 0.0031

EXTEM ML, % 2.05 3.99 10.06 11.76 0.0084

INTEM CT, s 454.00 236.90 412.33 165.76 0.9783

INTEM CFT, s 368.32 322.13 233.56 150.62 0.2424

INTEM >, degrees 48.57 17.65 56.59 12.32 0.1911

INTEM a10, mm 37.59 15.36 45.28 11.46 0.1055

INTEM a20, mm 48.45 14.40 56.89 7.10 0.0347

INTEM MCF, mm 54.95 11.96 63.22 4.41 0.0137

INTEM ML, % 0.72 0.83 0.50 0.62 0.4434

APTEM CT, s 209.55 116.15 204.61 136.94 0.7874

APTEM CFT, s 585.18 713.02 312.06 238.51 0.2517

APTEM >, degrees 45.14 19.43 52.83 15.10 0.3327

APTEM a10, mm 30.55 15.44 37.44 13.91 0.1958

APTEM a20, mm 39.59 15.42 47.33 12.31 0.1499

APTEM MCF, mm 46.77 14.94 57.44 6.72 0.0273

APTEM ML, % 5.18 21.19 0.33 0.59 0.4092

FIBTEM MCF, mm 9.73 4.34 10.28 3.92 0.6764

WBC, � 103/HL 4.46 1.26 4.09 1.36 0.3215

Hgb, g/dL 11.38 1.34 10.60 1.23 0.0732

Hct, % 37.24 3.39 34.51 3.43 0.0207

PLTs, � 109/L 197.00 65.76 302.59 73.75 0.0002

Data are given as mean and SD. Significance assessed by the Student’s t test for
normally distributed data and the Wilcoxon rank-sum test for nonnormally distributed
data. p G 0.05, significant. CT, time to initial clot formation; CFT, time to 20 mm of clot
firmness; >, angle of tangent at 2 mm of clot firmness.

D-dimer, dimerized plasmin fragment D; ML, maximum lysis; PT, prothrombin time.

TABLE 4. Clotting Profiles of MWB Variants Versus 1:1:1 RWB

MWB
Composite 1:1:1

pn = 18 SD n = 23 SD

INR 1.32 0.14 1.31 0.18 0.8232

PT, s 56.35 16.71 41.76 4.68 0.0117

PTT, s 16.09 1.35 15.98 1.71 0.7858

Factor II, % 71.94 9.61 65.00 19.81 0.0848

Factor V, % 50.33 16.89 50.91 21.56 0.4942

Factor VII, % 72.00 14.73 62.26 27.41 0.1032

Factor VIII, % 57.22 24.99 76.35 32.17 0.0201

Factor IX, % 84.28 15.37 86.22 25.39 0.6453

Factor X, % 73.00 13.17 66.52 16.12 0.1648

ATIII, % 77.22 18.49 72.65 41.19 0.0697

Protein C, % 83.56 13.30 75.52 24.53 0.1891

Fibrinogen, mg/dL 221.06 41.22 241.65 67.16 0.2345

D-dimer, Hg/mL 4.01 5.87 0.25 0.06 0.0026

EXTEM CT, s 202.94 138.22 145.91 42.81 0.2319

EXTEM CFT, s 207.17 125.82 760.57 1560.60 0.7426

EXTEM >, degrees 56.78 14.07 56.27 16.00 0.8489

EXTEM a10, mm 45.00 11.10 38.57 14.04 0.1094

EXTEM a20, mm 55.11 9.37 45.83 15.45 0.0088

EXTEM MCF, mm 61.17 5.07 50.35 15.48 0.0005

EXTEM ML, % 10.06 11.76 3.83 7.48 0.0386

INTEM CT, s 412.33 165.76 379.70 99.82 0.8233

INTEM CFT, s 233.56 150.62 698.83 1510.72 0.9476

INTEM >, degrees 56.59 12.32 52.09 14.22 0.6218

INTEM a10, mm 45.28 11.46 39.87 12.56 0.1661

INTEM a20, mm 56.89 7.10 48.74 14.00 0.0095

INTEM MCF, mm 63.22 4.41 53.57 14.76 0.0009

INTEM ML, % 0.50 0.62 1.00 2.56 0.1436

APTEM CT, s 204.61 136.94 174.00 110.53 0.6647

APTEM CFT, s 312.06 238.51 790.35 1530.98 0.8131

APTEM >, degrees 52.83 15.10 53.77 12.06 0.8320

APTEM a10, mm 37.44 13.91 34.78 13.36 0.5400

APTEM a20, mm 47.33 12.31 43.22 14.95 0.6739

APTEM MCF, mm 57.44 6.72 48.43 16.52 0.0734

APTEM ML, % 0.33 0.59 1.00 2.07 0.4339

FIBTEM MCF, mm 10.28 3.92 12.04 2.96 0.1225

WBC, � 103/HL 4.09 1.36 0.01 0.03 0.0000

Hgb, g/dL 10.60 1.23 9.05 1.07 0.0003

Hct, % 34.51 3.43 28.93 3.46 0.0000

PLTs, � 109/L 302.59 73.75 129.62 22.23 0.0000

Data are given as mean and SD. Significance assessed by the Student’s t test for
normally distributed data and the Wilcoxon rank-sum test for nonnormally distributed
data. p G 0.05, significant. CT, time to initial clot formation; CFT, time to 20 mm of clot
firmness; >, angle of tangent at 2 mm of clot firmness.

D-dimer , dimerized plasmin fragment D; ML, maximum lysis; PT, prothrombin time.
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significantly stronger INTEM a20 and MCF than did 1:1:1
RWB (a20, p = 0.0095; MCF, p = 0.0009; Table 4). Despite
the difference in EXTEM and INTEM MCF, there was no
significant difference between fibrinogen function as measured
by FIBTEM MCF between MWB and 1:1:1 RWB. Neither
demonstrated fibrinolysis (Table 4).

DISCUSSION

Heightenedunderstandingof traumatic coagulopathy12Y16,36

and the benefits of hemostatic resuscitation17Y25 has prompted
numerous clinical studies examiningvarious ratios of component
and WB therapy in military and civilian populations for the
treatment of hemorrhagic shock.7,26Y32 However, the scientific
foundationof this growingbodyof literature is limited by the lack
of complete characterization of factor-level and functional
clotting between banked WB variants and RWB. Without these
critical data, we cannot completely understand the clinical or
mechanistic benefits of hemostatic resuscitation. This study
characterizes and compares the global clotting profiles of banked
WB variants and RWB.

We found that the clotting profile of 1:1:1 RWB was
significantly more hemostatic relative to 2:1:1 RWB by all
measures of standard coagulation, factor activity/levels, and
functional clotting. This global hemostatic superiority of 1:1:1
RWB may contribute to the clinical benefits seen in patients
receiving balanced hemostatic resuscitation. Significant dif-
ferences were not found in INR, PTT, or factor activity/levels
between the four WB variants (RTWB, CWB, MCWB, and
MRTWB). This finding suggests that the factor-rich plasma
in the PLTs does not lead to measurable differences in factor
activity in the MWB variants compared with the NMWB
variants. However, we did find that the addition of PLTs led to
greater measures of clot strength by ROTEM in the MRTWB
and MCWB compared with their NMWB counterparts.
Because fibrin and platelets are the primary contributors to
fundamental clot strength, this finding can be ascribed to the
added PLTs, given the lack of significant difference in fibrin-
ogen levels or fibrinogen function by FIBTEM MCF. Inter-
estingly, despite the historic dogma that the cooling of platelets
leads to dysfunction,8Y10 paradoxically, the MCWB had the
highest measure of EXTEM MCF of the WB variants. This
finding is consistent with accumulating data demonstrating that
cold-stored PLTs have better functional and inflammatory
profiles than room temperatureYstored PLTs,37Y39 which, if
confirmed, would allow for profound advances in the banking
and distribution of WB because of the ability to cold store both
PLTs andWB. This could make use of WB universally feasible
and perhaps preferable for the treatment of hemorrhagic shock
in civilian populations.

Despite the lack of differences in standard coagulation
measures or factor activity/levels between the four WB vari-
ants, significantly superior functional clotting profiles were
found in the MWB variants over the NMWB variants. Con-
sistent with the lack of differences in factor activity, there was
no difference in clot initiation. However, there was a nonsig-
nificant trend toward a shorter CFTand a greater > in the MWB
variants. These measures of the speed of clot formation are
strongly influenced by functioning platelets. Most importantly,

the MWB variants had significantly greater measures of clot
strength. This finding, combined with the lack of difference in
fibrinogen levels and fibrinogen function measured by FIBTEM
MCF between the MWB and the NMWB, leads us to attribute
the superior clot strength to the added PLTs.

Lastly, in search of the optimal functionally hemostatic
resuscitation product, we compared 1:1:1 RWB with both
NMWB and MWB. Importantly, there were no significant dif-
ferences in clotting function between 1:1:1 RWB and NMWB.
However, we found that MWB variants exhibited even better
global hemostasis than did 1:1:1 RWB. Surprisingly, both
NMWB and MWB had a prolonged PTT compared with 1:1:1
RWB, which, we hypothesize, may be reflective of the con-
tribution of factor VIIIYrich FFP in the 1:1:1 RWB. Alterna-
tively, this may be explained by the difference in storage
durations between the WB units and the RBC units used to
create the RWB.34 Despite this, the MWB ultimately had a
superior functional clotting profile over 1:1:1 RWB, with sig-
nificantly greater absolute clot strength. Interestingly, the 1:1:1
RWB trended toward a higher fibrinogen level compared with
the MWB. Despite this, MWB still had greater clot strength
compared with 1:1:1 RWB, which we accredit to the contri-
bution of PLTs. Importantly, the EXTEM MCF in the MWB
was within ‘‘normal’’ published ROTEM manufacturer range
whereas it was not for the NMWB or the 1:1:1 RWB. This
further supports that MWB may be a superior hemostatic
product to NMWB and to 1:1:1 RWB.

Finally, despite our crucial finding that the MWB vari-
ants demonstrated unparalleled functional clotting profiles,
several limitations need to be addressed. We acknowledge the
limitation of studying aged components in comparison with
freshly donated WB. We recognize the possibility that the su-
perior hemostasis of the MWB may be partially attributed to its
youth, and perhaps, using freshly donated components for
creation of the RWB would approach the hemostatic potential
of the MWB. It will be important in the future to alter the age
of the products compared to completely characterize their
differences; nevertheless, aged components are important to
characterize and compare because they are frequently supplied
in massive transfusion situations. In addition, we cannot ac-
count for differences due to leukoreduction or the variability in
platelet counts and established storage lesions of the products.40Y45

In future study, leukoreduction of the WB with platelet-sparing
filters could be performed to standardize leukoreduction yet
retain platelet function. The WB used was nontransfusable
due to weight and thus all units were either slightly over- or
underweight. Overweight units therefore had a lower anti-
coagulant:WB ratio and underweight units had a higher anti-
coagulant: WB ratio. In the future, standardization of these
ratios will be critical. Lastly, we are lacking important platelet
aggregometry data; however, we have some insight into platelet
function via proxy ROTEM measurements and the known dual
contribution of fibrin and platelets to clot strength. As pre-
viously discussed, the incumbent impact of cooling on plate-
lets must be completely elucidated given that even the room
temperature variants underwent a brief period of cooling for
initial typing and processing, which may have had some im-
pact on platelet function. However, we believe that fresh warm
WB is a futile product to investigate because it logistically may
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never be available for massive transfusion in civilian popu-
lations because of requirements for infectious disease testing
and its limited storage capacity.46 Therefore, it is of greatest
interest to direct future studies at investigating cold-stored
WB. The finding that our cold-stored WB trended toward
stronger clot by EXTEM MCF than did the RTWB is sup-
ported by studies of preservation of coagulation function of
cold-stored WB out to 21 days (extending well beyond current
banking practices)2,47 combined with data demonstrating that
cold-stored PLTs are functionally superior to room temperatureY
stored PLTs.37,38 Lastly, we recognize that clotting potential is
probably not solely responsible for the benefits of hemostatic
resuscitation, and we appreciate the need to elucidate the role
of inflammamodulatory elements between these products.
Future investigations of age and leukocyte reduction varia-
tions with cold storage of WB and PLTs will be fundamental
to ultimately defining the optimal resuscitation product and
making paradigm shifts in blood banking and distribution.
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Aims	  

Methods	  
Conclusions	  

§  In	  a	  trauma	  populaRon	  at	  Rme	  of	  admission,	  
computaRonal	  thrombin	  modeling	  parameters	  
correspond	  to	  profiles	  of	  injury	  severity	  and	  
resuscitaRon	  requirements.	  

§  ComputaRonal	  thrombin	  parameters	  differ	  in	  
paRents	  with	  acute	  traumaRc	  coagulopathy.	  	  

§  Modeling	  derived	  from	  baseline	  parameters	  at	  
admission	  may	  describe	  and	  predict	  coagulaRon	  
dynamics	  be?er	  than	  convenRonal	  measures.	  

§  Ongoing	  work	  to	  delineate	  dynamic	  changes	  in	  
computaRonal	  model	  over	  Rme	  in	  criRcally	  
injured,	  and	  resuscitated,	  paRents	  

Table	  1:	  Time	  to	  10nm	  Thrombin	  Forma(on	  

Table	  5:	  Thrombin	  Parameters	  by	  ATC	  

Dichotomized  at  median  .me  to  10nm  thrombin,  312.5  sec.

Percentages  unless  specified;  median  (interquar.le  range),  mean  +/-‐  SD.

Figure	  1:	  Deriva(on	  of	  Computa(onal	  Model	  

Supported	  by	  DoD	  W911NF-‐10-‐1-‐0384	  (MJC)	  

§  Plasma	  samples	  collected	  from	  41	  criRcally-‐
injured	  trauma	  paRents	  at	  Rme	  of	  admission.	  	  	  

§  CoagulaRon	  factor	  levels	  (II,	  V,	  VII,	  VIII,	  IX,	  X,	  
Rssue	  factor	  pathway	  inhibitor,	  anRthrombin	  
and	  protein	  C)	  for	  each	  individual	  used	  as	  
inputs	  in	  a	  previously	  validated	  mathemaRcal	  
model;	  thrombin	  profiles	  generated,	  
corresponding	  dynamic	  parameters	  extracted.	  	  	  

§  Demographic,	  resuscitaRon,	  and	  outcomes	  data	  
were	  collected	  in	  parallel.	  	  	  

§  Analysis	  by	  dichotomizaRon	  of	  model	  variables	  
§  Acute	  traumaRc	  coagulopathy	  (ATC)	  defined	  as	  
two	  or	  more	  of	  the	  following:	  	  

	  	  	  	  INR	  >	  1.3,	  ISS	  >	  15,	  BD	  <	  -‐6,	  aPC	  >	  5	  	  

Thrombin	  plays	  a	  central	  role	  in	  the	  acute	  
response	  to	  injury,	  and	  its	  global	  measurement	  
provides	  dynamic	  informaRon	  beyond	  
convenRonal	  clot-‐based	  tests.	  ComputaRonal	  
models	  of	  thrombin	  generaRon	  describe	  the	  
coagulaRon	  network	  using	  ordinary	  differenRal	  
equaRons,	  with	  individual	  coagulaRon	  factor	  
input	  data.	  We	  applied	  an	  established	  
computaRonal	  coagulaRon	  model	  to	  trauma.	  	  

To	  assess	  the	  efficacy	  and	  predicRve	  capacity	  of	  
a	  computaRonal	  coagulaRon	  model	  in	  a	  trauma	  
populaRon.	  

Figure	  2:	  Thrombin	  Model	  Parameters	  

ATC	  
(n=22)	  

No	  ATC	  
(n=19)	  

	  
p	  

T	  to	  10nM	  (s)	   363	  (313	  -‐	  604)	   261	  (249	  -‐	  381)	   0.017	  

Max	  Rate	  (nm/s)	   0.48	  (0.09	  -‐	  1.13)	   1.11	  (0.56	  -‐	  1.51)	   0.075	  

Peak	  Thrombin	  (nm)	   71	  (19	  -‐	  143)	   150	  (83	  -‐	  194)	   0.056	  

Total	  thrombin	  (µm*m)	   	  18.5	  (5.1	  -‐	  42.9)	  	   40.8	  (21.6	  –	  55.2)	   0.056	  

Dichotomized  at  median  maximum  rate,  0.9  nm/sec.

Table	  2:	  Max	  Rate	  Thrombin	  Forma(on	  

Table	  3:	  Peak	  Thrombin	  Forma(on	  

Dichotomized  at  median  peak  thrombin  level,  116.8  nm.

Table	  4:	  Peak	  Thrombin	  Forma(on	  

Dichotomized  at  median  Area  Under  Curve  (AUC),  33,590  nm*m.

Long	  onset	  
(n=19)	  

Short	  onset	  
(n=19)	  

	  
p-‐value	  

Age	  (years)	   34	  (22	  –	  45)	   36	  (24	  –	  70)	   0.148	  

Male	  gender	   95%	   84%	   0.604	  

Blunt	  mechanism	   37%	   53%	   0.515	  

Injury	  Severity	  (ISS)	   17(10	  -‐	  22)	   25	  (17	  -‐	  38)	   0.035	  

AIS-‐Head	   2	  (0	  -‐	  3)	   3	  (0	  -‐	  5)	   0.130	  

Admit	  base	  deficit	   -‐5.5	  +/-‐	  5.1	   -‐6.9	  +/-‐	  7.6	   0.499	  	  

Admit	  INR	   1.1	  (1	  -‐	  1.2)	   1.1	  (1	  -‐	  1.2)	   0.975	  

Admit	  PTT	  (s)	   27	  (25	  -‐	  29)	   31	  (28	  -‐	  36)	   0.001	  

Massive	  Transfusion	   0%	   37%	   0.008	  

Total	  ICU	  days	   3	  (2	  –	  8)	   3	  (2	  -‐	  12)	   0.847	  

MulR-‐organ	  failure	   5%	   11%	   1.000	  

Mortality	  at	  discharge	   5%	   32%	   0.090	  

Slow	  rate	  
(n=20)	  

Fast	  rate	  
(n=21)	  

	  
p-‐value	  

Age	  (years)	   45	  (30	  -‐	  68)	   31	  (21	  -‐	  43)	   0.027	  

Male	  gender	   85%	   95%	   0.343	  

Blunt	  mechanism	   65%	   29%	   0.029	  

Injury	  Severity	  (ISS)	   25	  (15	  -‐	  41)	   18	  (16	  -‐	  24)	   0.170	  

AIS-‐Head	   4	  (1	  -‐	  5)	   0	  (0	  -‐	  3)	   0.007	  

Admit	  base	  deficit	   -‐6.0	  +/-‐	  6.4	   -‐7.2	  +/-‐	  6.5	   0.569	  	  

Admit	  INR	   1.1	  (1	  –	  1.4)	   1.1	  (1	  -‐	  1.2)	   0.500	  

Admit	  PTT	  (s)	   31	  (29	  -‐	  38)	   27	  (25	  -‐	  29)	   <0.001	  

Massive	  Transfusion	   35%	   10%	   0.067	  

Total	  ICU	  days	   5	  (2	  -‐	  17)	   3	  (2	  -‐	  6)	   0.301	  

MulR-‐organ	  failure	   10%	   10%	   1.000	  

Mortality	  at	  discharge	   35%	   10%	   0.067	  

Low	  peak	  
(n=21)	  

High	  peak	  
(n=20)	  

	  
p-‐value	  

Age	  (years)	   44	  (28	  -‐	  66)	   32	  (22	  -‐	  44)	   0.078	  

Male	  gender	   86%	   95%	   0.606	  

Blunt	  mechanism	   62%	   30%	   0.062	  

Injury	  Severity	  (ISS)	   25	  (16	  -‐	  41)	   18	  (14	  -‐	  25)	   0.196	  

AIS-‐Head	   4	  (0	  -‐	  5)	   1	  (0	  -‐	  3)	   0.019	  

Admit	  base	  deficit	   -‐6.3	  +/-‐	  6.4	   -‐7.0	  +/-‐	  6.6	   0.758	  	  

Admit	  INR	   1.1	  (1	  -‐	  1.4)	   1.1	  (1	  -‐	  1.2)	   0.282	  

Admit	  PTT	  (s)	   31	  (28	  -‐	  36)	   27	  (26	  -‐	  29)	   <0.001	  

Massive	  Transfusion	   38%	   5%	   0.020	  

Total	  ICU	  days	   4	  (2	  –	  12)	   3	  (2	  –	  6.5)	   0.483	  

MulR-‐organ	  failure	   10%	   10%	   1.000	  

Mortality	  at	  discharge	   33%	   10%	   0.130	  

Low	  AUC	  
(n=20)	  

High	  AUC	  
(n=21)	  

	  
p-‐value	  

Age	  (years)	   42	  (26	  -‐	  68)	   33	  (22	  -‐	  44)	   0.103	  

Male	  gender	   85%	   95%	   0.343	  

Blunt	  mechanism	   60%	   33%	   0.121	  

Injury	  Severity	  (ISS)	   25	  (17	  -‐	  41)	   18	  (14	  -‐	  24)	   0.114	  

AIS-‐Head	   4	  (1	  -‐	  5)	   0	  (0	  -‐	  3)	   0.007	  

Admit	  base	  deficit	   -‐6.4	  +/-‐	  6.5	   -‐6.9	  +/-‐	  6.4	   0.797	  

Admit	  INR	   1.1	  (1	  –	  1.5)	   1.1	  (1	  -‐	  1.2)	   0.168	  

Admit	  PTT	  (s)	   31	  (28	  -‐	  38)	   27	  (25	  –	  29)	   0.001	  

Massive	  Transfusion	   40%	   5%	   0.009	  

Total	  ICU	  days	   4	  (2	  -‐	  17)	   3	  (2	  -‐	  7)	   0.701	  

MulR-‐organ	  failure	   10%	   10%	   1.000	  

Mortality	  at	  discharge	   35%	   10%	   0.067	  
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Background	   Results	  

Aims	  

Methods	  

Conclusions	  
§  Balanced	  resuscitaPon	  leads	  to	  earlier	  correcPon	  
of	  coagulopathy,	  and	  earlier	  and	  prolonged	  
replePon	  of	  specific	  factors	  	  	  

§  Mechanism	  of	  clinical	  benefit	  seen	  in	  balanced	  
resuscitaPon	  remains	  unknown:	  	  
§  reversal	  of	  coagulopathy	  
§  inflammomodulatory	  changes	  

§  Balanced	  resuscitaPon	  as	  interim	  standard	  of	  care	  
for	  transfusion	  in	  the	  criPcally	  injured	  

	  

§  Examine	  longitudinal	  changes	  in	  coagulaPon	  
profiles	  in	  transfused	  paPents	  in	  relaPon	  to	  
RBC:FFP	  transfusion	  raPos	  	  

	  

§  Correlate	  transfusion	  raPos	  to	  baseline	  
demographics	  and	  clinical	  outcomes	  

	  

Table	  1:	  Summary	  sta7s7cs	  by	  transfusion	   Figure	  2:	  Survival	  by	  RBC:FFP	  ra7o	  

Dichotomized  by  whether  pa2ents  received  any  transfusion  within  6  hours.  p  <  0.05
Percentages  unless  otherwise  specified;  median  (interquar2le  range),  mean  +/-‐  SD.

Figure	  1:	  Longitudinal	  Changes	  in	  Coagula7on	  Parameters,	  by	  Transfusion	  Ra7o	  

Supported	  by	  DoD	  W911NF-‐10-‐1-‐0384	  (MJC),	  NIH	  GM-‐085689	  (M.J.C.),	  NIH	  T32	  GM-‐08258-‐20	  (M.E.K.),	  and	  NIH	  T32	  GM-‐008258-‐25	  (L.Z.K.).	  	  

§  Citrated	  plasma	  samples	  prospecPvely	  
collected	  from	  336	  trauma	  paPents	  on	  arrival	  
and	  serially	  during	  ICU	  stay	  up	  to	  72h	  from	  
2005	  –	  2011	  

	  

§  Standard	  coagulaPon	  studies	  as	  well	  as	  
extensive	  panel	  of	  pro-‐	  and	  anPcoagulant	  
clofng	  factors	  were	  measured	  

	  

§  RBC:FFP	  raPos	  calculated	  as	  whole	  RBC	  units	  
divided	  by	  FFP	  units	  received	  within	  6h,	  and	  
dichotomized	  into	  ‘low	  raPo’	  (RBC:FFP	  ≤	  1.5:1)	  
and	  ‘high	  raPo’	  (RBC:FFP	  >	  1.5:1)	  

§  One	  third	  of	  trauma	  paPents	  present	  with	  
acute	  traumaPc	  coagulopathy	  (ATC)	  

§  ATC	  is	  associated	  with	  a	  4x	  increased	  mortality	  
§  Balanced	  transfusion	  raPos	  of	  red	  blood	  cell	  

(RBC)	  to	  fresh	  frozen	  plasma	  (FFP)	  are	  
associated	  with	  a	  survival	  advantage	  in	  ATC	  

§  This	  survival	  benefit	  is	  present	  even	  in	  paPents	  
with	  normal-‐range	  coagulaPon	  studies	  on	  
admission,	  suggesPng	  mechanisms	  beyond	  
simple	  coagulaPon	  factor	  replePon	  

	  	   Non-‐transfused	   Transfused	   	  
	  

p-‐value	  	  	   (n	  =	  193)	   (n	  =	  143)	  

Age	  (years)	   43.4	  ±	  19.6	   40.2	  ±	  19.5	   0.135	  

Penetra7ng	  injury	   18.8%	   46.5%	   <0.001*	  

ISS	   21.8	  ±	  13.7	   34.1	  ±	  16.0	   <0.001*	  

AIS-‐head	   4	  (0	  -‐	  5)	   4	  (0	  -‐	  5)	   0.976	  

GCS	   7	  (4	  -‐	  14)	   8.5	  (3	  -‐	  15)	   0.615	  

pH	   7.31	  ±	  0.14	   7.22	  ±	  0.15	   <0.001*	  

Base	  deficit	   -‐4.9	  ±	  5.5	   -‐9.1	  ±	  6.7	   <0.001*	  

Prehospital	  IVF	  (mL)	   200	  (0	  -‐	  500)	   100	  (0	  -‐	  300)	   0.141	  

Temperature	  (°C)	   35.6	  ±	  0.9	   35.5	  ±	  0.9	   0.372	  

RBC	  units	  /	  24h	   0	   9	  (5	  -‐	  17)	   -‐	  

FFP	  units	  /	  24h	   0	   6	  (4	  -‐	  12)	   -‐	  

Platelet	  units	  /	  24h	   0	   1	  (0	  –	  2)	   -‐	  

Factor	  VIIa	  given	   0%	   11.9%	   <0.001*	  

PT	  (sec)	   13.8	  (13.1	  -‐	  15.4)	   15.7	  (14.2	  -‐	  19.6)	   <0.050*	  

PTT	  (sec)	   29.8	  (26.7	  -‐	  33.8)	   30.8	  (26.9	  -‐	  38.3)	   <0.050*	  

Factor	  V	  (%)	   56.5	  ±	  27.9	  	   41.5	  ±	  26.1	   <0.050*	  

aPC	  (ng/mL)	   3.1	  (1.5	  -‐	  9.5)	   12.1	  (3.5	  -‐	  37.8)	   <0.050*	  

tPA	  (ng/mL)	   15.2	  (8.4	  -‐	  27.3)	   27.9	  (12.1	  -‐	  33.4)	   <0.050*	  

Mul7organ	  failure	   12.5%	   21.1%	   <0.001*	  

Mortality	   20.2%	   47.6%	   <0.001*	  

Low	  Ra7o	  
RBC:FFP	  ≤	  1.5:1	  

High	  Ra7o	  
RBC:FFP	  >	  1.5:1	   p-‐value	  

	  	   (n	  =	  91)	   (n	  =	  52)	  

RBC:FFP	  ra7o	   1	  (0.8	  -‐	  1.2)	   2.2	  (2.0	  -‐	  3.0)	   -‐	  

Age	  (years)	   38.7	  ±	  18.3	   42.8	  ±	  21.5	   0.253	  

Penetra7ng	  injury	   42.2%	   53.8%	   0.222	  

ISS	   32.7	  ±	  16.2	   36.6	  ±	  15.5	   0.164	  

AIS-‐head	   5	  (0	  -‐	  5)	   1	  (0	  -‐	  5)	   0.009*	  

GCS	   6	  (3	  -‐	  15)	   12	  (4	  -‐	  15)	   0.029*	  

pH	   7.23	  ±	  0.15	   7.19	  ±	  0.14	   0.145	  

Base	  deficit	   -‐7.8	  ±	  6.4	   -‐11.3	  ±	  6.7	   0.004*	  

Prehospital	  IVF	  (mL)	   150	  (0	  -‐	  300)	   0	  (0	  -‐	  325)	   0.196	  

Temperature	  (°C)	   35.8	  ±	  0.8	   35.0	  ±	  0.9	   0.004*	  

RBC	  units	  /	  24h	   7	  (4	  -‐	  14)	   10	  (7	  -‐	  22)	   0.001*	  

FFP	  units	  /	  24h	   7	  (4-‐	  12)	   4.5	  (3	  -‐	  11)	   0.160	  

Platelet	  units	  /	  24h	   0	  (0	  -‐	  2)	   1	  (0	  –	  2)	   0.525	  

Factor	  VIIa	  given	   11.0%	   13.5%	   0.789	  

PT	  (sec)	   16.7	  (14.5	  -‐	  21.2)	   16.2	  (14.6	  -‐	  20.6)	   >0.050	  

PTT	  (sec)	   32.5	  (27.5	  -‐	  42.2)	   32.5	  (27.6	  -‐	  41.8)	   >0.050	  

Factor	  V	  (%)	   38.7	  ±	  24.7	   38	  ±	  26.8	   >0.050	  

aPC	  (ng/mL)	   15.3	  (5.4	  -‐	  49.5)	   13.7	  (3.5	  –	  51.2)	   >0.050	  

tPA	  (ng/mL)	   31	  (9	  -‐	  46.7)	   25	  (14.7	  -‐	  38.3)	   >0.050	  

Mul7organ	  failure	   25.6%	   13.5%	   0.134	  

Mortality	   42.9%	   55.8%	   0.165	  

Table	  2:	  Summary	  sta7s7cs	  by	  RBC:FFP	  ra7o	  
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FIGURE 2. Unadjusted Kaplan-Meier survival curves by RBC:FFP
ratio. N = 336. Log rank P < 0.001 between groups.

TABLE 8. Cox Proportional Hazards Model for In-Hospital
Mortality

Variable Hazard Ratio P 95% CI

Age (yr) 1.038 <0.001 (1.024–1.052)
ISS 1.023 0.002 (1.008–1.038)
Arrival GCS 0.803 <0.001 (0.749–0.861)
Arrival base deficit 1.029 0.154 (0.989–1.069)
Arrival INR 0.958 0.820 (0.659–1.392)
Penetrating injury 2.362 0.011 (1.213–4.599)
Nontransfused — — —
Low ratio 1.661 0.079 (0.943–2.925)
High ratio 3.402 0.001 (1.693–6.833)

N = 336. In-hospital mortality outcome occurred in 107 patients.
Harrell’s C = 0.829.

2.048-fold higher mortality than those transfused with a “low” ratio,
even when adjusted for differences in age, injury characteristics, and
admission physiology (P = 0.027, 95% CI: 1.087–3.858; Table 8).

DISCUSSION
Here, we present the first “natural history” study of longitudinal

clotting factor levels after severe trauma. By prospective collection
of both longitudinal biochemical and outcomes data beginning early
after injury, we are here able to provide data on the course and serial
effects of treatment regimes on coagulation after injury by presenting
longitudinal profiles as affected by “low ratio” and “high ratio” hemo-
static resuscitation, identifying significant differences in repletion of
specific clotting factors based on transfusion strategy. In particular,
hemostatic resuscitation ratio-based transfusion is associated with
earlier correction of both PT and PTT, as well as earlier repletion of
factors V, VIII, IX, and X after severe injury, both in terms of absolute
levels and when compared with admission baseline. We further iden-
tify a survival advantage to the “low ratio” transfusion strategies, both
in unadjusted analysis and when adjusted for patient demographics,
injury characteristics, and admission physiology. Taken together, we
believe this survival benefit appears most likely due to a mixed picture
of both more optimal coagulopathy reversal and modulation of the
inflammatory response to trauma.

The last 10 years have seen a paradigm change in the care
of the severely injured and bleeding patient. This change is a con-
sequence of the identification of ATC as a clinical entity, and of
hemostatic resuscitation as its effective (and empiric) treatment. Be-
fore the clinical recognition of ATC, classic trauma resuscitation

literature identified iatrogenic and resuscitation-associated causes as
responsible for bleeding after trauma: hypothermia, metabolic acido-
sis, and dilutional coagulopathy were identified as primary drivers and
were generally thought to be secondary to resuscitative efforts.9 In
response to this pioneering literature, trauma surgeons began to incor-
porate rewarming efforts, early correction of acidosis, and limitation
of crystalloid as prime tenants of resuscitation strategy. Once these
major causes of coagulopathy were avoided or appropriately treated,
however, a distinct coagulopathy present in patients immediately af-
ter injury and before any resuscitative interventions still remained.
Brohi et al4 and Macleod et al2 concurrently elucidated this in 2003
and defined ATC separately from the iatrogenic causes previously
identified in coagulopathic bleeding after trauma. Our group and oth-
ers subsequently codified the clinical and biochemical nature of this
entity, reporting that ATC occurs only in the presence of both se-
vere injury and shock, and is mediated by activation of the protein C
system.5,22,23 Concurrently, military and civilian studies on transfu-
sion strategy suggested a survival benefits to earlier and more frequent
use of plasma during massive transfusion. Beginning with Borgman’s
data from military casualties, multiple studies clearly demonstrated
that approaching balanced ratio transfusion of RBC:FFP led to im-
proved survival.12–16,21 As these considerable retrospective data are
compelling and prospective randomized studies in this arena are in
early stages of progress, plasma-based resuscitation conduct has been
overwhelmingly accepted by the trauma community despite the fact
that the biochemical mechanisms underlying the survival benefit of
plasma remain unclear.24

Whether this apparent survival benefit stems from earlier and
more durable reversal of coagulopathy or is the result of as-yet unde-
scribed inflammomodulatory effects remains unclear. Early sugges-
tions that there is more to balanced resuscitation than the repletion
of depleted clotting factors comes from clinical and basic science
data. Clinically, Brown et al21 reported that trauma patients derive
benefit from plasma-based resuscitation independent of the presence
of coagulopathy. Groundbreaking preclinical basic science data also
support the inflammomodulatory hypothesis. Pati et al20 described a
cell culture model showing that plasma decreased endothelial cell per-
meability compared to crystalloid. Kozar et al19 showed that in vivo
endothelial glycocalyx degradation after hemorrhagic shock was par-
tially restored by plasma, but not lactated Ringer’s in a rat model.19

These results suggest that an “endotheliopathy” induced by hemor-
rhagic shock may be treated by plasma administration via an inflam-
momodulatory mechanism, above and beyond the simple correction
of clotting factor depletion. Given the known mortality benefit of
balanced resuscitation confirmed here, further work identifying the
nature of this endotheliopathy and the specific inflammomodulatory
effects of plasma is required for a complete understanding of the
biochemical mechanisms involved.

As an attempt to elucidate the biochemical framework of this
clinical dilemma, in this study, we describe the natural history of
coagulation factor perturbation after injury, both with and without
transfusion. Those patients requiring transfusion had prolonged PT
and PTT, lower levels of procoagulants, and higher levels of en-
dogenous anticoagulants at each time point up to 24 hours. Notably,
transfusion with a “low ratio” of RBC:FFP was associated with earlier
correction of PT and PTT as well as repletion of factor V, factor VIII,
and factor IX deficits compared with those transfused with higher ra-
tios, suggesting that “low ratio” transfusion corrects specific critical
clotting factor deficits more efficiently than higher RBC:FFP ratios.
Interestingly, not all factors are significantly corrected in the “low
ratio” group compared with the “high ratio’ group. This suggests that
reversal of ATC may be critically contingent on repletion of deficits
in factor V, VIII, IX, and X, identifying specific factors of interest
to target therapeutically and follow clinically. Confirming the clinical
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Table	  3:	  Cox	  Propor7onal	  Hazards	  Model	  	  
of	  In-‐Hospital	  Mortality	  
Variable	   HR	   95%	  CI	   p-‐value	  
Age	   1.038	   (1.024	  -‐	  1.052)	   <0.001	  
ISS	   1.023	   (1.008	  -‐	  1.038)	   0.002	  
Arrival	  GCS	   0.803	   (0.749	  -‐	  0.861)	   <0.001	  
Arrival	  base	  deficit	   1.029	   (0.989	  -‐	  1.069)	   0.154	  
Arrival	  INR	   0.958	   (0.659	  -‐	  1.392)	   0.820	  
Penetra7ng	  injury	   2.362	   (1.213	  -‐	  4.599)	   0.011	  
Non-‐transfused	   -‐	   -‐	   -‐	  
Low	  ra7o	   1.661	   (0.943	  -‐	  2.925)	   0.079	  
High	  ra7o	   3.402	   (1.693	  -‐	  6.833)	   0.001	  

N=336.  In-‐hospital  mortality  outcome  occurred  in  107  cases.  Harrell’s  C  =  0.829.  

Unadjusted  Kaplan-‐Meier  survival  by  RBC:FFP  ra2o.  N  =  336.  
Log  rank  p<0.001  between  groups.
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FIGURE 1. Longitudinal percentage change in coagulation studies by “high” versus “low” RBC:FFP resuscitation ratio compared
to admission baseline. N = 143. ∗P < 0.05 for comparison between “low” and “high” ratio patients at each time point.
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N  =  143.    ∗  p  <  0.05  for  comparison  between  “low”  and  “high”  ra2o  pa2ents  at  each  2me  point.  

Percentages  unless  otherwise  specified;  median  (interquar2le  range),  mean  +/-‐  SD.



ORIGINAL ARTICLE

The Natural History and Effect of Resuscitation Ratio
on Coagulation After Trauma

A Prospective Cohort Study

Matthew E. Kutcher, MD, Lucy Z. Kornblith, MD, Ryan F. Vilardi, BS, Brittney J. Redick, BA,
Mary F. Nelson, RN, MPA, and Mitchell Jay Cohen, MD

Objective: To investigate the natural history of coagulation factor pertur-
bation after injury and identify longitudinal differences in clotting factor
repletion by red blood cell:fresh frozen plasma (RBC:FFP) transfusion ratio.
Background: Hemostatic transfusion ratios of RBC to FFP approaching 1:1
are associated with a survival advantage in traumatic hemorrhage, even in
patients with normal coagulation studies.
Methods: Plasma was prospectively collected from 336 trauma patients dur-
ing their intensive care unit stay for up to 72 hours from February, 2005, to
October, 2011. Standard coagulation studies as well as pro- and anticoagulant
clotting factors were measured. RBC:FFP transfusion ratios were calculated
at 6 hours after arrival and dichotomized into “low ratio” (RBC:FFP ≤ 1.5:1)
and “high ratio” (RBC:FFP > 1.5:1) groups.
Results: Factor-level measurements from 193 nontransfused patients provide
an early natural history of clotting factor-level changes after injury. In compar-
ison, 143 transfused patients had more severe injury, prolonged prothrombin
time and partial thromboplastin time (PTT), and lower levels of both pro-
and anticoagulants up to 24 hours. PTT was prolonged up to 12 hours and
only returned to admission baseline at 48 hours in “high ratio” patients versus
correction by 6 hours in “low ratio” patients. Better repletion of factors V,
VIII, and IX was seen longitudinally, and both unadjusted and injury-adjusted
survival was significantly improved in “low ratio” versus “high ratio” groups.
Conclusions: Resuscitation with a “low ratio” of RBC:FFP leads to earlier
correction of coagulopathy, and earlier and prolonged repletion of some but
not all procoagulant factors. This prospective evidence suggests hemostatic
resuscitation as an interim standard of care for transfusion in critically injured
patients pending the results of ongoing randomized study.

Keywords: coagulation, injury, transfusion

(Ann Surg 2014;260:1103–1111)

T rauma remains a major cause of morbidity and mortality in both
civilian and military populations, and the majority of preventable

traumatic deaths occur as a result of hemorrhage.1–3 Although trans-
fusion as a bridge to surgical hemostasis is an undisputed mainstay
of therapy for hemorrhagic shock, the optimal practice of transfu-
sion has changed in the last 10 years in response to the recognition
of coagulopathy as a critical predictor of poor outcomes. Specifi-
cally, 25% to 38% of traumatically injured patients are found to have
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abnormal coagulation on arrival to the hospital, and patients with this
acute traumatic coagulopathy (ATC) go on to be 4 times more likely
to die.2,4–6 Thus, a thorough understanding of optimal transfusion
strategies to both treat the end-organ hypoperfusion of hemorrhagic
shock as well as to correct (or prevent) coagulopathy are critical to the
acute care of trauma patients. To this end, the practice of “hemostatic
resuscitation”—the empiric transfusion of plasma at a fixed ratio with
red blood cells—has evolved over many years as a potential thera-
peutic strategy to address both goals.7–11

Multiple large retrospective studies have demonstrated that
empiric transfusion of red blood cell (RBC) and fresh frozen plasma
(FFP) units in RBC:FFP ratios approaching 1:1 are associated with
a survival advantage in hemorrhagic shock after traumatic injury in
both civilian12,13 and military settings.14–16 Alongside clinical en-
thusiasm for this novel approach, however, exists significant concern
regarding the survival bias inherent in such retrospective studies.17,18

One of the major barriers to interpreting the observed survival
advantage associated with hemostatic resuscitation is the lack of
a well-understood biological mechanism, making dynamic moni-
toring of efficacy difficult and meaningful clinical endpoints un-
clear. Two competing hypotheses exist. One primary hypothesis sug-
gests that plasma-based resuscitation leads to better repletion of
coagulation factors by earlier- and higher-volume FFP transfusion.
Although this is clinically intuitive, there are currently no data exam-
ining the relationship of plasma-based resuscitation and coagulation
factor repletion. Alternatively, others have suggested that earlier and
increased plasma transfusion may modulate the inflammomodulatory
cascade triggered by severe injury,19,20 thus treating an “endotheliopa-
thy” of trauma. Evidence to support this hypothesis exists in the fact
that the survival benefit to plasma-based resuscitation strategies is
evident even in patients with normal-range coagulation studies on
admission.21

To address these competing hypotheses, the first aim of this
study was to investigate differences in longitudinal clotting factor
levels in a critically injured cohort of trauma patients who were not
transfused, to establish an early natural history of coagulation af-
ter injury. The second aim was to examine longitudinal changes in
coagulation profiles in transfused patients in relation to RBC:FFP
transfusion ratios, assessed by dichotomizing patients into “low ra-
tio” (RBC:FFP ≤ 1.5:1) and “high ratio” (RBC:FFP > 1.5:1) groups.
Overall, these data provide a novel and comprehensive assessment
of changes in the clotting factor milieu after critical injury by de-
scribing an early natural history to coagulation abnormalities, as well
as identifying the differential effects of transfusion strategies on the
correction of these abnormalities over time.

METHODS
Patient Sample, Study Design, and Clinical Data

We performed a prospective cohort study of patients requiring
highest level trauma activation and subsequent intensive care unit
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(ICU) admission, beginning on arrival to the emergency department
(ED) of San Francisco General Hospital from February 2005 to
October 2011 as part of a longitudinal study examining perturbations
in coagulation and inflammation after injury. Highest-level trauma
activation was triggered by either prespecified physiologic (at least 1
prehospital or hospital systolic blood pressure <90, heart rate >110,
or Glasgow Coma Score ≤8) or anatomic criteria (penetrating torso
trauma or evidence of high-energy blunt trauma), or the clinical dis-
cretion of prehospital providers, ED triage nurses, or attending physi-
cians. ICU admission was at the discretion of the attending trauma
surgeon; patients who died in the operating room or ED before ICU
admission were also included. During the study period, 3775 patients
met criteria for highest level trauma activation, with 2066 subse-
quently admitted to the ICU and thus eligible for study enrollment.
Of these, 289 patients were prospectively excluded for age less than
18 years, incarceration, pregnancy, transfer from another hospital, or
administration of more than 2 L of crystalloid before initial blood
draw. Patients were retrospectively excluded if they were found to
be on warfarin or possessed a preexisting bleeding diathesis at the
time of injury. Sample and data collection was performed for these
1777 patients under a waiver of consent approved by the University
of California institutional review board. Consent was subsequently
obtained from patients or appropriate surrogates in 535 patients; of
these, 336 patients had serial clotting factor measurements performed
and complete transfusion data available, constituting the final patient
population for analysis.

As an observational study, the decision to transfuse and the spe-
cific array of blood products transfused were entirely at the discretion
of the attending trauma surgeon. An institutional massive transfu-
sion protocol exists, whose activation prompts delivery of “packs”
of 4U RBC and/or 4U FFP and prompts consideration of a pooled
donor platelet “6-pack” for platelets less than 100,000 per mL and 2U
pooled cryoprecipitate for fibrinogen less than 100 mg/dL; protocol
activation is at the discretion of the attending trauma surgeon or anes-
thesiologist. A minimum of 4U thawed AB plasma and 6U of type
O blood are available in the blood bank at all times for immediate
release. Adjunct hemostatic agents such as recombinant factor VIIa
(NovoSeven RT; Novo Nordisk Inc, Plainsboro, NJ) and prothrombin
complex concentrate (Bebulin VH; Baxter, Westlake Village, CA)
were administered at the discretion of the attending trauma surgeon
or anesthesiologist; no enrolled patient received tranexamic acid or
other antifibrinolytic agent during the study period.

Our sample collection methodology has been described in de-
tail previously.5,22 Briefly, serial 10-mL samples of blood were drawn
in citrated vacuum tubes upon arrival to the ED, and then serially
at 6, 12, 24, 48, and 72 hours after admission to the ICU. Sam-
ples were immediately centrifuged, and plasma extracted and stored
at −80◦C; all analysis was performed by researchers blinded to all
patient data. Levels of fibrinogen, the procoagulant factors II, V,
VII, VIII, IX, and X; the endogenous anticoagulants antithrombin III
(ATIII); protein C; activated protein C (aPC); and plasminogen acti-
vator inhibitor-1 (PAI-1) were assayed. Fibrinogen; factors II, V, VII,
VIII, IX, and X; antithrombin III; and protein C were measured with
a Stago Compact Coagulation Analyzer (Diagnostica Stago Inc, Par-
sippany, NJ) in accordance with manufacturer instructions. Activated
protein C measurements were performed on samples collected in cit-
rated tubes containing 10-mM benzamidine using an enzyme capture
assay described in detail elsewhere.5 PAI-1 measurements were per-
formed with an enzyme-linked immunosorbent assay (eBiosciences,
San Diego, CA).

Statistical Analysis
All data are presented as mean ± standard deviation, me-

dian [interquartile range (IQR)], or percentage. The study popula-

tion was subdivided on the basis of 2 criteria: transfusion status and
RBC:FFP ratio. First, we dichotomized the cohort into those who were
transfused within 24 hours and those who received no blood prod-
ucts within 24 hours of admission. In the transfused patient group,
RBC:FFP ratios were calculated as the number of whole RBC units
divided by FFP units received in the first 6 hours. The 6 hours’ time
point was the earliest time point with available data after arrival;
this was selected to capture patients requiring acute transfusion in re-
sponse to hemorrhagic shock. Transfused patients were dichotomized
into “low ratio” and “high ratio” groups using the median RBC:FFP
ratio in the group rounded to the nearest 1/2 unit (1.5 RBC:1 FFP) as
a cut-point to ensure relative equality of group size. Univariate com-
parisons were made using the Student t test for normally distributed
data, Wilcoxon rank sum testing for skewed data, and the Fisher ex-
act test for proportions. Paired continuous factor-level measurements
were compared using the paired t test for normally distributed data
and the Wilcoxon signed rank test for skewed data. Kaplan-Meier
time-to-event analysis and log-rank testing were used to assess dif-
ferences in in-hospital mortality between groups. Cox proportional
hazards regression was used to adjust for baseline demographic, in-
jury, and physiology characteristics. An alpha of 0.05 was considered
significant. All data analyses were performed by the authors using
Stata version 12 (StataCorp LP, College Station, TX).

RESULTS
We prospectively enrolled, collected serial blood samples from,

and assayed coagulation factors in 336 patients. This population rep-
resents a critically injured cohort of trauma patients: mean age was
42.1 ± 19.6 years, penetrating injury occurred in 30.6%, mean in-
jury severity score (ISS) was 27.0 ± 15.9, mean base deficit was
−6.9 ± 6.4, and in-hospital mortality was 31.8% (Table 1). Forty
(11.9%) patients were coagulopathic [international normalized ra-
tio (INR) ≥1.5] and 131 (40.0%) patients were in shock (base deficit
≤ −6) on arrival. Other cohort demographic information is detailed in
Table 1.

To begin to investigate resuscitation practices in these pa-
tients, we dichotomized the cohort into those who were transfused
within 24 hours (143 patients) and those who received no blood prod-
ucts within 24 hours of admission (193 patients); demographics of
these cohorts are given in Table 2. As expected, the 143 transfused

TABLE 1. Summary Statistics for All Patients

Age (yr) 42.1 ± 19.6
Penetrating injury 30.6%
ISS 27.0 ± 15.9
AIS head 4 (0–5)
GCS 8 (3–14)
pH 7.27 ± 0.15
Base deficit −6.9 ± 6.4
Prehospital intravenous fluid 100 (0–500)
Temperature (◦C) 35.6 ± 0.9
RBC units/24 h 0 (0–7)
FFP units/24 h 0 (0–5)
Platelet units/24 h 0 (0–0)
Factor VIIa given 5.1%
Total hospital days 8 (3–24)
ICU days 4 (2–12)
Ventilator-free days / 28 d 15 (0–26)
Ventilator-associated pneumonia 27.4%
Acute lung injury 29.9%
Multiorgan failure 16.2%
Mortality 31.8%

N = 336.
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TABLE 2. Summary Statistics for Patients by Transfusion
Within 6 hours of Arrival

Nontransfused
(n = 193)

Transfused
(n = 143) P

Age (yr) 43.4 ± 19.6 40.2 ± 19.5 0.135
Penetrating injury 18.8% 46.5% <0.001∗

ISS 21.8 ± 13.7 34.1 ± 16.0 <0.001∗

AIS head 4 (0–5) 4 (0–5) 0.976
GCS 7 (4–14) 8.5 (3–15) 0.615
pH 7.31 ± 0.14 7.22 ± 0.15 <0.001∗

Base deficit −4.9 ± 5.5 −9.1 ± 6.7 <0.001∗

Prehospital intravenous
fluid

200 (0–500) 100 (0–300) 0.141

Temperature (◦C) 35.6 ± 0.9 35.5 ± 0.9 0.372
RBC units/24 h 0 9 (5–17) —
FFP units/24 h 0 6 (4–12) —
Platelet units/24 h 0 1 (0–2) —
Factor VIIa given 0.0% 11.9% <0.001∗

Total hospital days 8 (3–20) 9 (2–30) 0.573
ICU days 4 (2–9) 4 (2–19) 0.487
Ventilator-free days/28 d 24 (0–26) 0 (0–22) <0.001∗

Ventilator-associated
pneumonia

22.9% 33.3% 0.073

Acute lung injury 19.7% 44.4% <0.001∗

Multiorgan failure 12.5% 21.1% <0.001∗

Mortality 20.2% 47.6% <0.001∗

N = 336.
∗P < 0.05.

patients had more severe injury, a higher percentage of penetrat-
ing injury, higher ISS, lower pH, more severe base deficit, fewer
ventilator-free days, a higher incidence of acute lung injury, multi-
organ failure, and higher overall mortality (all P < 0.001, Table 2).
Sixty-four patients (44.8% of transfused patients, 19.0% of the overall
cohort) received “massive” transfusions of 10 or more units RBC per
24 hours. Seventeen transfused patients (11.9%) received recombi-
nant factor VIIa. The median RBC:FFP ratio in transfused patients
at 6 hours was 1.25:1; therefore, we selected a clinically accessi-
ble ratio of 1.5:1 to subdivide the transfused cohort into “low ratio”
(RBC:FFP ≤ 1.5:1) and “high ratio” (RBC:FFP > 1.5:1) based on
the number of whole units of RBC and FFP transfused by 6 hours
of admission. Of the 143 transfused patients, 91 patients received a
“low ratio” with a median RBC:FFP ratio of 1:1 (IQR: 0.8-1.2:1).
The other 52 transfused patients received a “high ratio” of RBC:FFP
with a median of 2.2:1 (IQR: 2.0-3.0:1; Table 3). As expected, the 91
patients transfused with a “low ratio” received fewer RBC units per
24 hours, with a median of 7 (4–14) units versus 10 (7–22) units in
the “high ratio” group (P = 0.001; Table 3). The “low ratio” group
was comparable in age, mechanism of injury, and ISS to the “high
ratio” group; however, they had higher AIS (abbreviated injury score)
head score (median 5 vs 1, P < 0.05) and lower Glasgow coma score
(GCS) (median 6 vs 12, P < 0.05). In addition, those transfused with
a “high ratio” had a significantly more severe base deficit (mean =
−11.3 vs −7.8, P = 0.004), lower temperature (mean = 35.0 vs 35.8◦,
P = 0.004), and a trend toward higher mortality rate (55.8% vs 42.9%,
P = 0.165). Patients transfused with a “low ratio” had trends toward
longer hospital stay (median = 11 vs 6.5 days, P = 0.135), and
higher rates of ventilator-associated pneumonia (40.0% vs 23.4%,
P = 0.074) and multiorgan failure (25.6% vs 13.5%, P = 0.134), as
well as significantly longer ICU stay (median 5 vs 3 days, P = 0.028;
Table 3).

After separately evaluating the demographics of the study pop-
ulation based on transfusion and resuscitation ratios, we then sought

TABLE 3. Summary Statistics for Patients by RBC:FFP
Transfusion Ratio Within 6 Hours of Arrival

Low Ratio
RBC:FFP ≤

1.5:1 (n = 91)

High Ratio
RBC:FFP >

1.5:1 (n = 52) P

RBC:FFP ratio 1 (0.8–1.2) 2.2 (2.0–3.0) —
Age 38.7 ± 18.3 42.8 ± 21.5 0.253
Penetrating injury 42.2% 53.8% 0.222
ISS 32.7 ± 16.2 36.6 ± 15.5 0.164
AIS head 5 (0–5) 1 (0–5) 0.009∗

GCS 6 (3–15) 12 (4–15) 0.029∗

pH 7.23 ± 0.15 7.19 ± 0.14 0.145
Base deficit −7.8 ± 6.4 −11.3 ± 6.7 0.004∗

Prehospital intravenous
fluid

150 (0–300) 0 (0–325) 0.196

Temperature (◦C) 35.8 ± 0.8 35.0 ± 0.9 0.004∗

RBC units/24 h 7 (4–14) 10 (7–22) 0.001∗

FFP units/24 h 7 (4- 12) 4.5 (3–11) 0.160
Platelet units/24 h 0 (0–2) 1 (0–2) 0.525
Factor VIIa given 11.0% 13.5% 0.789
Total hospital days 11 (2–32) 6.5 (1.5–24) 0.135
ICU days 5 (2–22) 3 (1–12) 0.028∗

Ventilator-free days/28 d 0 (0–24) 0 (0–20.5) 0.551
Ventilator-associated

pneumonia
40.0% 23.4% 0.074

Acute lung injury 46.0% 41.7% 0.834
Multiorgan failure 25.6% 13.5% 0.134
Mortality 42.9% 55.8% 0.165

N = 143.
∗P < 0.05.

to describe specific differences in admission and longitudinal coagu-
lation factor levels. The 193 nontransfused patients represent a cohort
of injured patients in which serial coagulation factor measurements
reflect an unperturbed course, thus describing the natural history of
factor levels after injury. Differences between admission and later
factor levels at all subsequent time points up to 48 hours were statis-
tically significant for prothrombin time (PT), partial thromboplastin
time (PTT), factor II, factor V, factor VIII, factor X, and activated
protein C, as described in detail in Table 4. Overall, compared to ad-
mission baseline, PT and PTT became progressively prolonged, and
factor levels of both endogenous procoagulants and anticoagulants
became progressively depleted in the nontransfused cohort; factors
V and IX were exceptions, in that they progressively increased over
time (Table 4). In the cohort of 143 transfused patients, differences
between admission and later factor levels at all subsequent time points
up to 48 hours were statistically significant for PTT, factor VII, fac-
tor VIII, factor IX, protein C, and activated protein C, as described
in Table 5. Overall, compared to admission baseline, PTT became
progressively prolonged for 48 hours after admission and only re-
turned to baseline at 72 hours. Similarly to the nontransfused cohort,
factor VIII levels remained lower than admission baseline for 72
hours, factor IX levels rose from admission baseline to 72 hours, and
activated protein C levels dropped significantly by 6 hours and re-
mained low through 72 hours. In transfused patients, protein C levels
remained depleted relative to admission baseline for up to 72 hours,
compared to the repletion by 24 hours seen in the nontransfused co-
hort. Factor VII levels showed a varied pattern, with early repletion
within 12 hours, followed by depletion relative to admission levels
from 24 to 48 hours, and subsequent return to admission levels by
72 hours. Given the critical differences in the transfused versus non-
transfused patient population, we also compared baseline factor levels
between the transfused and nontransfused cohorts: PT and PTT were
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TABLE 4. Longitudinal Factor Levels in Patients Receiving No Blood Products Within 72 Hours of Arrival

0 h 6 h 12 h 24 h 48 h 72 h

PT (sec) 13.8 (13.1–15.4)∗ 14.7 (13.8–15.6)† 14.4 (13.7–15.7)† 15.6 (14.2–16.8)† 15.2 (14.0–16.2)† 14.6 (14.2–16.5)†
PTT (sec) 29.8 (26.7–33.8)∗ 30.9 (28.8–34.9)† 33.1 (29.3–36.5)† 38.6 (33.7–42.8)† 42.0 (37.1–49.5)† 44.6 (39.9–46.9)†
Fibrinogen (ng/mL) 234 (151–289) 260 (233–306) 251 (211–303) 233 (208–259) 506 (350–582) 720 (622–818)
Factor II (%) 81.4 ± 19.1∗ 74.7 ± 18.2† 75.9 ± 18.0† 73.1 ± 17.6† 69.5 ± 19.1† 83.2 ± 18.7
Factor V (%) 56.5 ± 27.9∗ 56.7 ± 24.0† 56.6 ± 21.2† 57.2 ± 22.1† 68.0 ± 22.3† 81.3 ± 29.3†
Factor VII (%) 95.4 ± 33.9∗ 95.9 ± 28.9 94.0 ± 30.6 67.6 ± 26.9† 61.3 ± 33.0† 81.1 ± 29.4
Factor VIII (%) 218.8 ± 171.8 136.6 ± 106.5† 128.5 ± 76.3† 137.6 ± 127.7† 139.4 ± 53.2† 177.0 ± 63.4†
Factor IX (%) 129.2 ± 40.9∗ 130.1 ± 45.9 138.1 ± 46.8† 140.8 ± 43.5† 172.2 ± 58.4† 226.2 ± 93.1†
Factor X (%) 86.3 ± 22.9∗ 78.7 ± 23.1† 79.8 ± 22.0† 74.5 ± 18.6† 66.3 ± 17.1† 76.2 ± 20.6
AT III (%) 89.8 ± 21.8∗ 87.3 ± 31.4 84.8 ± 22.2† 83.7 ± 21.0† 83.1 ± 23.4 84.1 ± 28.3
Protein C (%) 96.4 ± 28.8∗ 92.1 ± 23.3† 89.5 ± 27.0† 81.5 ± 24.7† 81.9 ± 23.0 87.0 ± 25.0
aPC (ng/mL) 3.1 (1.5–9.5)∗ 0.9 (0.2–2.1)† 1.0 (0.2–1.7)† 1.2 (0.2–1.7)† 1.0 (0.1–1.8)† 0.6 (0.3–1.4)†
D-dimer (μg/mL) 1.7 (0.5–4.0)∗ 1.6 (0.7–3.6)† 2.3 (0.9–4.1)† 2.4 (1.0–4.0) 1.7 (1.0–4.2) 1.9 (1.3–3.1)
tPA (ng/mL) 15.2 (8.4–27.3)∗ 12.1 (6.9–19.0)† 6.0 (4.6–14.2)† 6.7 (5.7–9.4)† 6 6.7
PAI-1 (ng/mL) 38.0 (9.6–60.7) 73.4 (44.1–91.4) 38.8 (19.3–55.2) 33.2 (17.8–71.0) 11.7 (8.1–15.0) 17.4

N = 193.
∗P < 0.05 for comparison between transfused and nontransfused patients on arrival only.
†P < 0.05 for comparison between admission factor level and factor level at the indicated time.

TABLE 5. Longitudinal Factor Levels in Patients Receiving Blood Products Within 72 Hours

0 h 6 h 12 h 24 h 48 h 72 h

PT (sec) 15.7 (14.2–19.6)∗ 15.6 (14.4–17.8) 15.7 (14.7–17.1) 16.7 (15.5–18.2) 16.6 (14.9–18.8) 15.5 (14.3–17.3)
PTT (sec) 30.8 (26.9–38.3)∗ 32.8 (28.9–38.0)† 34.3 (31.8–39.6)† 38.6 (34.5–43.6)† 40.8 (36.6–47.4)† 39.0 (33.8–43.8)†
Fibrinogen (ng/mL) 160 (125–221) 153 (124–226) 196 (152–237) 288 (189–340)† 398 (281–566)† 499 (294–716)†
Factor II (%) 66.5 ± 21.2∗ 62.2 ± 16.6† 63.8 ± 16.0† 64.0 ± 16.0† 65.6 ± 17.5 70.0 ± 15.4
Factor V (%) 41.5 ± 26.1∗ 41.4 ± 19.6† 43.3 ± 18.7 46.5 ± 21.0 54.6 ± 27.5† 74.2 ± 39.2†
Factor VII (%) 75.1 ± 34.9∗ 99.3 ± 61.8† 94.5 ± 60.2† 52.7 ± 28.8† 58.6 ± 29.4† 76.2 ± 30.3
Factor VIII (%) 219.6 ± 144.8 128.6 ± 94.5† 115.6 ± 73.7† 119.1 ± 71.8† 150.7 ± 124.2† 179.5 ± 88.9†
Factor IX (%) 103.6 ± 40.2∗ 114.9 ± 38.8† 115.6 ± 33.0† 119.6 ± 35.0† 155.7 ± 46.0† 185.2 ± 50.4†
Factor X (%) 66.7 ± 24.4∗ 68.3 ± 26.3 66.2 ± 21.3† 61.4 ± 15.7† 64.1 ± 15.6† 70.7 ± 17.6†
AT III (%) 78.1 ± 24.6∗ 72.1 ± 19.4† 76.3 ± 17.9 73.9 ± 18.3† 67.3 ± 19.6† 74.3 ± 23.0
Protein C (%) 80.6 ± 28.0∗ 69.9 ± 20.6† 71.7 ± 18.7† 66.8 ± 19.6† 67.0 ± 22.6† 73.7 ± 28.0
aPC (ng/mL) 12.1 (3.5–37.8)∗ 1.9 (0.7–3.5)† 1.2 (0.5–2.4)† 1.0 (0.2–1.7)† 1.3 (0.5–2.3)† 1.2 (0.6–2.4)†
D-dimer (μg/mL) 6.8 (2.9–9.8)∗ 6.5 (3.3–9.4) 6.6 (3.8–9.9) 5.2 (2.9–9.4)† 3.3 (1.9–6.1)† 3.6 (2.7–5.6)†
tPA (ng/mL) 27.9 (13.0–44.0)∗ 11.6 (9.9–18.9)† 11.8 (8.7–15.1)† 9.0 (5.9–12.9)† 4.6 (4.3–5.3) 4.5 (3.5–5.4)
PAI-1 (ng/mL) 25.3 (12.1–33.4) 130.2 (79.8–149.8)† 135.1 (84.8–237.4)† 70.4 (46.8–120.4)† 26.0 (14.0–33.2) 19.2 (13.8–24.6)

N = 143.
∗P < 0.05 for comparison between transfused and nontransfused patients on arrival only.
†P < 0.05 for comparison between admission factor level and factor level at the indicated time.

prolonged; factors II, V, VII, IX, and X as well as ATIII and protein C
were lower; and activated protein C and tPA were elevated in the
transfused cohort on admission (all P < 0.05, Table 4 and 5).

Next, we analyzed comprehensive factor levels in those trans-
fused with a “low ratio” versus “high ratio” of RBC:FFP units within
the first 6 hours of admission, to identify differences in clotting factor
levels over time associated with the 2 different transfusion strategies.
On arrival and before transfusion, patients ultimately receiving “low
ratio” transfusion had significantly higher levels of baseline factor
II, and lower baseline levels of factor VIII compared with the “high
ratio” cohort (Table 6 and 7). In the group of 91 patients transfused
with a “low ratio,” differences in admission and later factor levels at
all subsequent time points up to 24 hours were statistically signifi-
cant for factor VII, factor VIII, factor IX, activated protein C, and
PAI-1 (Table 6). Within the group of 52 patients transfused with a
“high ratio,” differences in admission and later factor levels at all
subsequent time points up to 24 hours were statistically significant

for PTT, factor VIII, ATIII, protein C, activated protein C, tPA, and
PAI-1 (Table 7). Evaluating point-by-point differences in factor levels
between the 2 transfusion strategy cohorts, significant differences
were seen at several time points. Although admission PT and
PTT for both ratio groups were similar, the PTT was compara-
tively prolonged in the group transfused with a “high ratio” com-
pared with those transfused with a “low ratio” at 6 hours and
12 hours after admission; furthermore, the prolonged PTT took
72 hours to return to admission baseline in the “high ratio” group,
compared with correction within 24 hours in the “low ratio” group.
Similarly, protein C levels remained depleted relative to admission
baseline at all time points in the “high ratio” group, whereas protein
C levels were repleted to baseline by 72 hours in the “low ratio”
group. Early absolute clotting factor deficits in levels of factor V (at
6 hours), factor IX (at 6 and 12 hours), and factor X (at 6 hours) were
better-corrected by “low” versus “high” ratio transfusion (Tables 6
and 7).
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TABLE 6. Longitudinal Factor Levels in Patients Transfused With “Low Ratio” (RBC:FFP ≤ 1.5:1) at 6 Hours

0 h 6 h 12 h 24 h 48 h 72 h

PT (sec) 16.7 (14.5–21.2) 15.3 (14.2–17.6) 15.6 (14.6–16.9)† 16.9 (15.5–19.1) 16.2 (14.9–18.8) 15.5 (14.1–17.8)†
PTT (sec) 32.5 (27.5–42.2) 33.2 (28.6–36.1)∗ 33.7 (30.8–38.7)∗ 38.2 (34.8–43.1)† 39.2 (36.4–47.4) 38.5 (32.9–43.8)
Fibrinogen (ng/mL) 157 (106–200) 142 (111–205) 180 (133–234) 288 (162–362)† 325 (264–514)† 494 (395–559)†
Factor II (%) 66.2 ± 21.3∗ 61.6 ± 17.1 64.4 ± 17.5 64.0 ± 18.5 66.8 ± 20.2 72.2 ± 14.4†
Factor V (%) 38.7 ± 24.7 43.2 ± 20.7∗ 43.7 ± 19.3 45.3 ± 23.4 58.8 ± 29.0† 79.6 ± 44.2†
Factor VII (%) 72.3 ± 31.7 107.0 ± 77.6† 100.3 ± 69.7† 48.2 ± 22.9† 61.8 ± 34.6 79.6 ± 29.8
Factor VIII (%) 188.1 ± 128.5∗ 115.3 ± 80.3† 105.2 ± 62.2† 110.6 ± 51.0† 179.3 ± 147.7 192.9 ± 94.6
Factor IX (%) 101.2 ± 40.6 116.3 ± 39.4∗† 114.0 ± 35.4∗† 114.6 ± 36.7† 151.6 ± 45.6† 184.4 ± 46.2†
Factor X (%) 64.1 ± 23.9 72.6 ± 33.4∗ 65.0 ± 19.9 60.7 ± 17.9 66.2 ± 16.8 72.6 ± 15.7
AT III (%) 75.5 ± 24.9 67.6 ± 18.9 73.8 ± 17.6 69.8 ± 16.7 66.8 ± 21.0 72.4 ± 22.6
Protein C (%) 77.4 ± 29.0 66.8 ± 17.0 72.0 ± 18.5 64.5 ± 22.4† 65.9 ± 21.6† 73.4 ± 30.4
aPC (ng/mL) 15.3 (5.4–49.5) 2.8 (0.7–4.7)† 1.2 (0.6–2.5)† 1.0 (0.5–1.9)† 0.5 (0.3–1.7)† 0.8 (0.6–2.4)†
D-dimer (μg/mL) 6.7 (2.4–9.8) 6.4 (3.2–9.4) 6.8 (3.8–10.6) 7.6 (3.9–11.4) 3.3 (2.1–5.0) 3.7 (3.1–6.1)
tPA (ng/mL) 31.0 (9.0–46.7) 15.3 (11.2–22.6) 13.5 (11.4–18.0)† 9.8 (6.1–15.3)† 4.3 —
PAI-1 (ng/mL) 25.3 (11.8–30.2) 146.9 (138.7–372.4)† 142.4 (134.2–278.9)† 86.1 (57.7–124.6)† 25.5 (8.3–33.5) —

N = 91.
∗P < 0.05 for comparison between “low” and “high ratio” patients at each time point.
†P < 0.05 for comparison between admission factor level and factor level at the indicated time.

TABLE 7. Longitudinal Factor Levels in Patients With 6 Hours RBC:FFP “High Ratio” (RBC:FFP > 1.5:1) at 6 Hours

0 h 6 h 12 h 24 h 48 h 72 h

PT (sec) 16.2 (14.6–20.6) 16.2 (15.1–18.3) 15.9 (15.0–17.0) 17.0 (15.8–17.7) 17.6 (15.6–18.8) 15.6 (15.2–17.3)
PTT (sec) 32.5 (27.6–41.8) 36.6 (32.5–41.7)∗† 35.9 (32.8–40.4)∗† 39.8 (36.0–46.4)† 47.0 (38.6–49.5)† 41.5 (39.4–45.8)
Fibrinogen (ng/mL) 139 (125–205) 124 (101–153) 183 (157–230) 258 (213–291)† 547 (530–566)† 668 (566–780)†
Factor II (%) 57.7 ± 18.3∗ 54.1 ± 14.9 59.4 ± 12.1 60.6 ± 12.4 61.8 ± 14.2 70.2 ± 15.4
Factor V (%) 38.0 ± 26.8 33.3 ± 16.2∗† 39.7 ± 16.7† 43.2 ± 17.6 47.7 ± 25.3 61.0 ± 23.0
Factor VII (%) 73.9 ± 46.3 86.3 ± 51.8 101.1 ± 59.4 61.1 ± 36.3† 52.9 ± 19.3† 78.7 ± 32.7
Factor VIII (%) 266.6 ± 172.0∗ 106.4 ± 77.4† 106.2 ± 78.5† 112.5 ± 43.7† 114.1 ± 53.4† 152.6 ± 78.1†
Factor IX (%) 96.5 ± 44.2 86.5 ± 29.7∗ 100.7 ± 18.5∗ 107.1 ± 25.1 142.9 ± 36.1† 179.0 ± 53.1†
Factor X (%) 61.0 ± 23.1 54.7 ± 16.9∗ 62.3 ± 20.9 58.2 ± 10.4† 57.9 ± 12.9† 72.7 ± 13.0
AT III (%) 73.8 ± 23.4 67.2 ± 19.7† 74.7 ± 16.7† 71.9 ± 20.0† 61.2 ± 18.9† 66.8 ± 24.1†
Protein C (%) 79.5 ± 27.1 63.9 ± 17.8† 69.7 ± 12.9† 64.4 ± 15.1† 57.7 ± 11.9† 61.3 ± 18.6†
aPC (ng/mL) 13.7 (3.5–51.2) 1.4 (0.6–2.7)† 1.0 (0.4–2.3)† 0.5 (0.0–1.4)† 1.2 (1.1–1.4)† 1.2 (0.5–13.4)
D-dimer (μg/mL) 7.5 (3.8–12.0) 6.5 (2.6–23.0) 7.4 (4.2–14.6) 7.4 (3.8–10.6)† 4.7 (2.8–6.7) 4.4 (3.2–6.7)
tPA (ng/mL) 25.0 (14.7–38.3) 12.5 (8.0–15.6)† 10.2 (8.4–14.3)† 6.8 (5.8–11.1)† 5.0 (4.6–5.3) 4.5 (3.5–5.4)
PAI-1 (ng/mL) 25.7 (12.4–38.4) 125.1 (49.5–132.6)† 141.6 (84.1–251.4)† 64.6 (43.8–143.4)† 27.1 (19.1–33.2) 19.2 (13.8–24.6)

N = 52.
∗P < 0.05 for comparison between “low” and “high” ratio patients at each time point.
†P < 0.05 for comparison between admission factor level and factor level at the indicated time.

To better understand differences between transfusion practices
given the differences in baseline population characteristics (Table 3)
and clotting factor levels on admission (Tables 6 and 7), we then
assessed longitudinal clotting factor levels as a percentage of their
arrival baseline (Figure 1). Overall, patients transfused with a “low
ratio” had significantly less prolonged PT (at 6 hours) and PTT (at
12 hours) than those transfused at a “high ratio.” In terms of specific
factor repletion, factors V and VIII were significantly better repleted
at both 12 hours and 24 hours, as well as factor IX at 12 hours.
No significant differences were seen compared to admission baseline
for fibrinogen, procoagulant factors II, VII, X, anticoagulants fac-
tors ATII, protein C, activated protein C, or fibrinolysis-associated
molecules D-dimer, tPA, or PAI-1.

To determine the overall association with survival, we
performed Kaplan-Meier survival analysis comparing nontransfused
patients with those transfused with a “low” versus “high” ratio of

RBC:FFP, identifying an association between lower RBC:FFP trans-
fusion ratios and improved survival to discharge (Figure 2, log-rank
P < 0.001). Given the significant baseline differences in injury
severity in these populations detailed in Table 2 and 3, we created
a Cox proportional hazards model for in-hospital mortality to adjust
for age, injury severity score, arrival GCS, arrival base deficit, arrival
INR, penetrating versus blunt mechanism, and categorical transfusion
status (nontransfused, low ratio, or high ratio); the study population
had 107 in-hospital deaths, and Harrell’s C for the model was 0.829
(Table 8). Compared to the referent category of nontransfused
patients, those transfused with a “low” ratio had a nonsignificant
hazard ratio for mortality of 1.661 [P = 0.079, 95% confidence
interval (CI): 0.943–2.925], whereas those transfused with a “high”
ratio had 3.402-fold significantly higher mortality (P = 0.001,
95% CI: 1.693-6.833). In terms of differences between transfusion
strategies, those transfused with a “high” ratio had a significant
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FIGURE 1. Longitudinal percentage change in coagulation studies by “high” versus “low” RBC:FFP resuscitation ratio compared
to admission baseline. N = 143. ∗P < 0.05 for comparison between “low” and “high” ratio patients at each time point.
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FIGURE 2. Unadjusted Kaplan-Meier survival curves by RBC:FFP
ratio. N = 336. Log rank P < 0.001 between groups.

TABLE 8. Cox Proportional Hazards Model for In-Hospital
Mortality

Variable Hazard Ratio P 95% CI

Age (yr) 1.038 <0.001 (1.024–1.052)
ISS 1.023 0.002 (1.008–1.038)
Arrival GCS 0.803 <0.001 (0.749–0.861)
Arrival base deficit 1.029 0.154 (0.989–1.069)
Arrival INR 0.958 0.820 (0.659–1.392)
Penetrating injury 2.362 0.011 (1.213–4.599)
Nontransfused — — —
Low ratio 1.661 0.079 (0.943–2.925)
High ratio 3.402 0.001 (1.693–6.833)

N = 336. In-hospital mortality outcome occurred in 107 patients.
Harrell’s C = 0.829.

2.048-fold higher mortality than those transfused with a “low” ratio,
even when adjusted for differences in age, injury characteristics, and
admission physiology (P = 0.027, 95% CI: 1.087–3.858; Table 8).

DISCUSSION
Here, we present the first “natural history” study of longitudinal

clotting factor levels after severe trauma. By prospective collection
of both longitudinal biochemical and outcomes data beginning early
after injury, we are here able to provide data on the course and serial
effects of treatment regimes on coagulation after injury by presenting
longitudinal profiles as affected by “low ratio” and “high ratio” hemo-
static resuscitation, identifying significant differences in repletion of
specific clotting factors based on transfusion strategy. In particular,
hemostatic resuscitation ratio-based transfusion is associated with
earlier correction of both PT and PTT, as well as earlier repletion of
factors V, VIII, IX, and X after severe injury, both in terms of absolute
levels and when compared with admission baseline. We further iden-
tify a survival advantage to the “low ratio” transfusion strategies, both
in unadjusted analysis and when adjusted for patient demographics,
injury characteristics, and admission physiology. Taken together, we
believe this survival benefit appears most likely due to a mixed picture
of both more optimal coagulopathy reversal and modulation of the
inflammatory response to trauma.

The last 10 years have seen a paradigm change in the care
of the severely injured and bleeding patient. This change is a con-
sequence of the identification of ATC as a clinical entity, and of
hemostatic resuscitation as its effective (and empiric) treatment. Be-
fore the clinical recognition of ATC, classic trauma resuscitation

literature identified iatrogenic and resuscitation-associated causes as
responsible for bleeding after trauma: hypothermia, metabolic acido-
sis, and dilutional coagulopathy were identified as primary drivers and
were generally thought to be secondary to resuscitative efforts.9 In
response to this pioneering literature, trauma surgeons began to incor-
porate rewarming efforts, early correction of acidosis, and limitation
of crystalloid as prime tenants of resuscitation strategy. Once these
major causes of coagulopathy were avoided or appropriately treated,
however, a distinct coagulopathy present in patients immediately af-
ter injury and before any resuscitative interventions still remained.
Brohi et al4 and Macleod et al2 concurrently elucidated this in 2003
and defined ATC separately from the iatrogenic causes previously
identified in coagulopathic bleeding after trauma. Our group and oth-
ers subsequently codified the clinical and biochemical nature of this
entity, reporting that ATC occurs only in the presence of both se-
vere injury and shock, and is mediated by activation of the protein C
system.5,22,23 Concurrently, military and civilian studies on transfu-
sion strategy suggested a survival benefits to earlier and more frequent
use of plasma during massive transfusion. Beginning with Borgman’s
data from military casualties, multiple studies clearly demonstrated
that approaching balanced ratio transfusion of RBC:FFP led to im-
proved survival.12–16,21 As these considerable retrospective data are
compelling and prospective randomized studies in this arena are in
early stages of progress, plasma-based resuscitation conduct has been
overwhelmingly accepted by the trauma community despite the fact
that the biochemical mechanisms underlying the survival benefit of
plasma remain unclear.24

Whether this apparent survival benefit stems from earlier and
more durable reversal of coagulopathy or is the result of as-yet unde-
scribed inflammomodulatory effects remains unclear. Early sugges-
tions that there is more to balanced resuscitation than the repletion
of depleted clotting factors comes from clinical and basic science
data. Clinically, Brown et al21 reported that trauma patients derive
benefit from plasma-based resuscitation independent of the presence
of coagulopathy. Groundbreaking preclinical basic science data also
support the inflammomodulatory hypothesis. Pati et al20 described a
cell culture model showing that plasma decreased endothelial cell per-
meability compared to crystalloid. Kozar et al19 showed that in vivo
endothelial glycocalyx degradation after hemorrhagic shock was par-
tially restored by plasma, but not lactated Ringer’s in a rat model.19

These results suggest that an “endotheliopathy” induced by hemor-
rhagic shock may be treated by plasma administration via an inflam-
momodulatory mechanism, above and beyond the simple correction
of clotting factor depletion. Given the known mortality benefit of
balanced resuscitation confirmed here, further work identifying the
nature of this endotheliopathy and the specific inflammomodulatory
effects of plasma is required for a complete understanding of the
biochemical mechanisms involved.

As an attempt to elucidate the biochemical framework of this
clinical dilemma, in this study, we describe the natural history of
coagulation factor perturbation after injury, both with and without
transfusion. Those patients requiring transfusion had prolonged PT
and PTT, lower levels of procoagulants, and higher levels of en-
dogenous anticoagulants at each time point up to 24 hours. Notably,
transfusion with a “low ratio” of RBC:FFP was associated with earlier
correction of PT and PTT as well as repletion of factor V, factor VIII,
and factor IX deficits compared with those transfused with higher ra-
tios, suggesting that “low ratio” transfusion corrects specific critical
clotting factor deficits more efficiently than higher RBC:FFP ratios.
Interestingly, not all factors are significantly corrected in the “low
ratio” group compared with the “high ratio’ group. This suggests that
reversal of ATC may be critically contingent on repletion of deficits
in factor V, VIII, IX, and X, identifying specific factors of interest
to target therapeutically and follow clinically. Confirming the clinical
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significance of the differences in clotting factor repletion observed in
“low” versus “high” ratio transfusion, we also identified a statistically
significant survival benefit to “low ratio” transfusion in Kaplan-Meier
survival analysis. Of critical importance, this was robust even when
adjusted for elements of patient demographics, injury characteristics,
and admission physiology that potentially confound this finding.

As with other single-center prospective studies examining the
relationship between clotting factor studies and outcomes, several
limitations are important to interpretation of this data. The clinical
utility of targeting and/or monitoring individual factors suggested
here is contingent upon specific definitions of critical levels of deple-
tion for each of these factors, which remain uncharacterized. Rizoli et
al25 have suggested that depletion to a 30% level represents a critical
threshold that should guide the appropriateness of plasma therapy;
however, the data presented here suggest that not all coagulation fac-
tors are critical mediators of ATC, and that each factor may have its
own independent level of critical depletion. Further study from a co-
agulopathy reversal point of view will require viscoelastic assays such
as thromboelastography, as opposed to static PT and PTT measures
as used here, to specifically map out these critical definitions using a
functionally meaningful (and clinically applicable) endpoint; in par-
allel, identification of the specific importance of improved factor V,
VIII, IX, and X repletion by “low ratio” resuscitation also suggests
specific biochemical targets of interest in unraveling the basic science
behind potential inflammomodulatory mechanisms of plasma-based
therapy. Importantly, this study is also not powered to identify po-
tential unintended consequences of empiric plasma administration
risks; as is well-documented elsewhere, the risks of inappropriate
plasma administration are ominous, particularly in patients who un-
dergo early plasma-based resuscitation but ultimately do not require
massive transfusion.26 Most importantly, the recognition of potential
survival bias is critical in the interpretation of the data presented
here.18 Specifically, a conventional crystalloid and RBC-based ap-
proach to trauma resuscitation (placing many patients who die early
after admission in a “high” RBC:FFP ratio category, and reducing the
apparent mortality rate in patients who simply survive long enough
to receive substantial plasma) biases toward the finding a survival
benefit in the “low ratio” group, whereas exclusion of patients who
die before the 6-hour time point used to calculate ratios here (thereby
excluding patients who may stand the greatest chance to benefit from
early plasma therapy) subtly biases against a “low ratio” benefit; the
ultimate balance of these potential biases cannot be derived from
these data, mandating cautious interpretation of the survival benefit
to “low ratio” resuscitation seen here.27 Only “gold standard” ran-
domized clinical trials will eliminate this bias; however, given the
logistic, clinical, and ethical challenges that face these ongoing stud-
ies, we suggest that the data presented here provide an evidence base
to justify hemostatic resuscitation as a defensible interim standard of
care for critically injured trauma patients requiring transfusion un-
til the results of randomized controlled trials are available to more
definitively guide therapy.

CONCLUSIONS
We here detail the natural history of coagulation factors in both

nontransfused and transfused patients after severe traumatic injury.
We further demonstrate that targeting ratios of RBC:FFP ≤ 1.5:1
leads to earlier correction of PT and PTT, and earlier and prolonged
repletion of specific clotting factor deficits compared with higher
ratio transfusion strategies. Given both the unadjusted and injury-
adjusted survival benefit seen in plasma-based resuscitation despite
the correction of only a subset of factors, we hypothesize that hemo-
static resuscitation may additionally prevent and/or treat the endothe-
liopathy of trauma via direct inflammomodulatory effects. Further
studies must be done to continue to prospectively and definitively

evaluate specific clotting factor deficits to trigger both plasma-based
and clotting factor-targeted therapy, and to identify the specific bio-
chemical mechanisms of both endotheliopathy and the inflammomod-
ulatory cascade after trauma, and its specific responses to plasma-
based therapy.

REFERENCES
1. Eastridge BJ, Hardin M, Cantrell J, et al. Died of wounds on the battlefield:

causation and implications for improving combat casualty care. J Trauma.
2011;71:S4–S8.

2. MacLeod JB, Lynn M, McKenney MG, et al. Early coagulopathy predicts
mortality in trauma. J Trauma. 2003;55:39–44.

3. Teixeira PG, Inaba K, Salim A, et al. Preventable morbidity at a mature trauma
center. Arch Surg. 2009;144:536–541; discussion 541-542.

4. Brohi K, Singh J, Heron M, et al. Acute traumatic coagulopathy. J Trauma.
2003;54:1127–1130.

5. Cohen MJ, Call M, Nelson M, et al. Critical role of activated protein C in early
coagulopathy and later organ failure, infection and death in trauma patients.
Ann Surg. 2012;255:379–385.

6. Niles SE, McLaughlin DF, Perkins JG, et al. Increased mortality associ-
ated with the early coagulopathy of trauma in combat casualties. J Trauma.
2008;64:1459–1463; discussion 1463–1465.

7. Biffl WL, Smith WR, Moore EE, et al. Evolution of a multidisciplinary clinical
pathway for the management of unstable patients with pelvic fractures. Ann
Surg. 2001;233:843–850.

8. Gonzalez EA, Moore FA, Holcomb JB, et al. Fresh frozen plasma should be
given earlier to patients requiring massive transfusion. J Trauma. 2007;62:112–
119.

9. Kashuk JL, Moore EE, Millikan JS, et al. Major abdominal vascular trauma–a
unified approach. J Trauma. 1982;22:672–679.

10. Stone HH, Strom PR, Mullins RJ. Management of the major coagulopathy
with onset during laparotomy. Ann Surg. 1983;197:532–535.

11. Wilson RF, Dulchavsky SA, Soullier G, et al. Problems with 20 or more blood
transfusions in 24 hours. Am Surg. 1987;53:410–417.

12. Shaz BH, Dente CJ, Nicholas J, et al. Increased number of coagulation products
in relationship to red blood cell products transfused improves mortality in
trauma patients. Transfusion. 2010;50:493–500.

13. Zink KA, Sambasivan CN, Holcomb JB, et al. A high ratio of plasma and
platelets to packed red blood cells in the first 6 hours of massive transfusion
improves outcomes in a large multicenter study. Am J Surg. 2009;197:565–570;
discussion 570.

14. Borgman MA, Spinella PC, Perkins JG, et al. The ratio of blood products
transfused affects mortality in patients receiving massive transfusions at a
combat support hospital. J Trauma. 2007;63:805–813.

15. Holcomb JB, Wade CE, Michalek JE, et al. Increased plasma and platelet to
red blood cell ratios improves outcome in 466 massively transfused civilian
trauma patients. Ann Surg. 2008;248:447–458.

16. Spinella PC, Perkins JG, Grathwohl KW, et al. Effect of plasma and red blood
cell transfusions on survival in patients with combat related traumatic injuries.
J Trauma. 2008;64:S69–S77; discussion S77–S78.

17. Kashuk JL, Moore EE, Johnson JL, et al. Postinjury life threatening coagulopa-
thy: is 1:1 fresh frozen plasma: packed red blood cells the answer? J Trauma.
2008;65:261–270; discussion 270–271.

18. Snyder CW, Weinberg JA, McGwin G, Jr, et al. The relationship of blood prod-
uct ratio to mortality: survival benefit or survival bias? J Trauma. 2009;66:358–
362; discussion 362–364.

19. Kozar RA, Peng Z, Zhang R, et al. Plasma restoration of endothelial glycocalyx
in a rodent model of hemorrhagic shock. Anesth Analg. 2011;112:1289–1295.

20. Pati S, Matijevic N, Doursout MF, et al. Protective effects of fresh frozen
plasma on vascular endothelial permeability, coagulation, and resuscitation
after hemorrhagic shock are time dependent and diminish between days 0 and
5 after thaw. J Trauma. 2010;69(suppl 1):S55–S63.

21. Brown LM, Aro SO, Cohen MJ, et al. A high fresh frozen plasma: packed
red blood cell transfusion ratio decreases mortality in all massively trans-
fused trauma patients regardless of admission international normalized ratio.
J Trauma. 2011;71:S358–S363.

22. Brohi K, Cohen MJ, Ganter MT, et al. Acute traumatic coagulopathy: initi-
ated by hypoperfusion: modulated through the protein C pathway? Ann Surg.
2007;245:812–818.

23. Brohi K, Cohen MJ, Davenport RA. Acute coagulopathy of trauma: mecha-
nism, identification and effect. Curr Opin Crit Care. 2007;13:680–685.

Copyright © 2014 Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

1110 | www.annalsofsurgery.com C© 2014 Lippincott Williams & Wilkins



Annals of Surgery � Volume 260, Number 6, December 2014 Natural History of Coagulation After Injury

24. Kautza BC, Cohen MJ, Cuschieri J, et al. Changes in massive transfusion
over time: an early shift in the right direction? J Trauma Acute Care Surg.
2012;72:106–111.

25. Rizoli SB, Scarpelini S, Callum J, et al. Clotting factor deficiency
in early trauma-associated coagulopathy. J Trauma. 2011;71(5)(suppl 1):
S427–S434.

26. Inaba K, Branco BC, Rhee P, et al. Impact of plasma transfusion in trauma
patients who do not require massive transfusion. J Am Coll Surg. 2010;210:
957–965.

27. Ho AM, Dion PW, Yeung JH, et al. Prevalence of survivor bias in observational
studies on fresh frozen plasma: erythrocyte ratios in trauma requiring massive
transfusion. Anesthesiology. 2012;116:716–728.

Copyright © 2014 Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

C© 2014 Lippincott Williams & Wilkins www.annalsofsurgery.com | 1111



Letter: The whole is greater
than the sum of its parts:
Hemostatic profiles of
whole-blood variants

To the Editor:

W e read with great interest the recent
study on hemostatic profiles of whole-

blood (WB) variants by Kornblith et al.1 in
this journal, where they aimed to study
several laboratory parameters of donated
WB and reconstituted whole blood (RWB)
under several mixed ratios and conditions.

Interestingly, standard coagulation tests
(SCTs) such as prothrombin time and partial
thromboplastin time were substantially
prolonged for both room temperature WB
and cooled WB. The activity of coagulation
factors were approximately 30% lower than
previously reported in healthy volunteers.2

This finding is hard to explain.Usually, 450mL
of donated blood is collected in a package
prefilled with 63 mL of citrate phosphate
dextrose anticoagulant to conserve the WB,
but this results in an approximate 12%dilution
of the coagulation factors.3 Therefore, mea-
surement of coagulation activity in donated
WB should result in normal SCT result
and ROTEM parameters. Weiss et al.2 used
a stepwise method to dilute WB and found
that EXTEM clotting time (CT) exceeded
the normal upper limit of 80 seconds after a
60% dilution of the coagulation factors. In
contrast, EXTEMCT in the current study was
220 seconds, with an extremely high SD value
of 216.3 seconds.

Importantly, RWB from red blood cells,
fresh frozen plasma (FFP), and platelet con-
centrates mixed at a ratio of 1:1:1 also failed
to normalize SCT results and concentration of
coagulation factors. Moreover, EXTEM and
INTEM CT were 1.5 times higher than the
normal upper limit.4 Interestingly, fibrinogen
concentration was higher in RWB than in
donated WB.

One explanation could be that donated
and reconstituted WB variants were already
anticoagulated with various forms of citrated
additives in the initial collection bags,
thereby inactivating all available calcium
needed for coagulation. According to the
authors, the samples for SCTs and ROTEM
analyses were drawn from this already
citrated WB bag into tubes containing
3.2% (0.109 mol/L) sodium citrate (usually
in a 1:9 ratio of citrate to blood sample).
First, this unnecessarily further dilutes the
sample (usually by approximately 10%).

Second and more importantly, a much higher
dose for recalcification (e.g., star-TEM
reagent) is needed for appropriate ROTEM
analysis and an intact coagulation cascade.
However, according to the authors, this was
unfortunately not accounted for by the
automated pipette program of the ROTEM
device used. This presumably resulted in
major flaws in all of the ROTEM results.

It seems that a major systematic error in
the preparation and/or measurement of sam-
ples occurred. Therefore, these results must be
interpreted with extreme caution. Further-
more, according to the presented results, it
might be impossible to normalize SCT results
or ROTEM CT by transfusion of red blood
cells, FFP, and platelet concentrates at a ratio
of 1:1:1. If the presented resultsmirror the true
coagulation capacity of the transfused blood
products, an alternative approach to high ratio
FFP administration (e.g., coagulation factor
concentrates) is necessary to normalize both
SCT results and ROTEM CT.5

C.J.S. has received speaker honoraria, travel support, and
research funding fromCSLBehring and research support
from Tem International. M.P. has received research
support from CSL Behring and Tem International. H.S.
has received speaker honoraria and research support from
CSL Behring and Tem International.
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5. Schöchl H, Voelckel W, Grassetto A, et al.
Practical application of point-of-care coagula-
tion testing to guide treatment decisions in
trauma. J Trauma Acute Care Surg. 2013;
74:1587Y1598.

Response: The whole is
greater than the sum of its
parts: Hemostatic profiles
of whole-blood variants

In Reply:

We respectfully appreciate the AUVA’s
interest in our work and their specific

concerns over the prolonged standard coag-
ulation measures and out-of-range ROTEM
measurements in our study. We strongly dis-
agree, however, that there are any compel-
ling methodological issues and additionally
disagree that it is difficult to explain these
findings in the banked products compared
with healthy volunteer blood. Unfortunately,
the editorial claims seem to be based on in-
correct assumptions regarding methodology
and results, which we seek to remedy here.
To clarify, our regional blood collection
center colleagues collected the donated
whole blood in a collection bag prefilled
with 70 mL of anticoagulant, primarily
citrate phosphate dextrose as per standard
protocol. The clinical standard acceptable
volume of whole blood for collection is
450 mL to 550 mL with added 70 mL of
anticoagulant (which results in var-
iable 13Y16% anticoagulant). The whole-
blood units provided to us were either
slightly overweight or underweight and
therefore had a mean anticoagulant of 17%,
only 1% greater than the clinical standard.
Each whole-blood unit was split into four
satellite bags without anticoagulant
(designed specifically to avoid excess dilu-
tion and to standardize surface contact) and
therefore retained their anticoagulant con-
centration after the split. For the reconstituted
whole blood components, the red blood cells,
platelets, and plasma (whole blood derived)
all had an anticoagulant concentration of
15%. Therefore, the mean concentration of
anticoagulant across all the products we
analyzed was 15% to 17%, making it appro-
priate to compare coagulation measurements
between these banked products.

LETTERS TO THE EDITOR

J Trauma Acute Care Surg
Volume 77, Number 6 1003

Copyright © 2014 Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



Next, all samples were run in standard
citrated tubes. The total citrate concentration
in our samples most certainly inactivated
some of the calcium, but we believe that the
suggestion that all available calcium needed
for coagulation was inactivated is incorrect.
There is more than sufficient calcium to
recalcify these blood samples, ensuring ap-
propriate assay. In fact, the suggestion that
inadequate recalcification occurred is
contradicted by our ROTEM data demon-
strating intact coagulation with overall clot
strength measured by ROTEM within nor-
mal range for modified whole-blood variants
(all of which had approximately 17% anti-
coagulant). Further evidence is provided by
Mann et al.,1 who demonstrated that alter-
ations of coagulation with citrate antico-
agulants found on thrombogram and
thromboelastograms are not reversible by
calcium replacement and that the effects
of citrate may alter the natural dynamics of
tissue factorYinduced blood coagulation sep-
arate from chelation of calcium. Lastly and
most importantly, we feel the discussion of
dilution and recalcification is misguided, as
the absolute coagulation measurements of the
banked products were not the critical finding of
our study but rather the comparison between
the products, which demonstrated the superi-
ority of 1:1:1 reconstituted whole blood over
2:1:1 and of modified whole blood over 1:1:1
reconstituted whole blood. These comparisons
are the pivotal results, which provide important
insight into the characterization of blood
products and their use in resuscitation.
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Letter: The need for a
definitive clinical trial of

cryopreserved red
blood cells

To the Editor:

The implications of a shorter shelf life
for liquid-stored packed red blood cells

(PRBCs) would be difficult to manage. This

may be the situation faced by blood ser-
vices across the world if the three large
age-of-blood trials currently underway
(ISRCTN44878718, NCT00991341, and
NCT01638416) find convincing evidence
of poor clinical outcomes as the result of
transfusion with aged liquid-stored PRBC.
In addition to the logistical advantages,
cryopreserving PRBCs may be a viable
alternative to liquid-storing PRBC for more
than 1 week to 2 weeks. However, the
superiority of cryopreserved PRBCs com-
pared with aged liquid-stored PRBC on
relevant clinical outcomes would first need
to be demonstrated. Data to support this are
limited and confined to surrogate outcomes.
Hampton et al.1 raise the possibility that
cryopreserved PRBCs may even be superior
to standard storage duration (median, 14 days;
interquartile range, 9.8Y27.3 days) liquid-
stored PRBC. While in vitro investigations
suggest mechanisms of such an effect, such
as the removal of immunogenic material
during the deglycerolization process2 and the
selective hemolysis of perisenescent donor
red blood cells,3 cryopreserved PRBCs,
compared with fresh liquid-stored PRBC,
have an increased mean corpuscular volume
(which may return to normal once trans-
fused),3 increased osmotic fragility,4 a lower
intracellular pH,3 and a decreased aggre-
gability, which may impede movement
through the microcirculation.4 How the sum
of these changes affects clinically relevant
outcomes is unknown.

Cryopreserved PRBCs are already in
limited use in a number of countries as a
means of supplying rare blood groups.
Before becoming a solution to the hypoth-
esized aged liquid-stored PRBC problem,
a large clinical trial will be warranted to
demonstrate clinical and cost-effective (rather
than biologic surrogate) outcomes. If there is
clear superiority in clinical outcomes, the
utility of cryopreservation will come down to
the comparison between the magnitude of the
benefit and the cost. After surveying stake-
holders, the ABLE (ISRCTN44878718) in-
vestigators chose an absolute risk reduction
of 5% as sufficient to change practice with
regard to the age of liquid-stored PRBCs.
With the use of the same estimate for the
magnitude of superiority required to change
practice, a cryopreserved PRBC trial would
require more than 2,500 patients. If pilot
effectiveness trials suggest that there is no
clinical benefit (or detriment) to be found, the
logistic advantages of cryopreserved PRBC
may still warrant a trial. The question will
then be whether a noninferiority trial (likely
with many more thousands of patients
required to exclude a clinically meaningful
difference) will be required. Howmuch worse
a clinical outcome would we be prepared
to accept to accrue the logistic advantages

of cryopreservation? This would be a novel
question for regulatory authorities. Hampton
et al. are currently undertaking the first trial
assessing clinical outcomes associated with
transfusion of cryopreserved PRBCs, with
encouraging clinical results reported after the
first 57 patients enrolled in the pilot study.5

However, with a planned enrolment of only
350 patients (NCT01038557), this first trial
is unlikely to be definitive. It is perhaps
timely then that consideration is given to the
conduct of a definitive multicenter cryopres-
erved PRBC trial.
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TRAUMA CORE MEASURES: CLINICAL PROCESSES THAT IMPROVE 
PATIENT OUTCOMES

Shahid Shafi*, MD MPH, Nadine Rayan, MHA, Sunni Barnes, PhD, Larry Gentilello*, MD, 

Neil S Fleming, PhD, David J Ballard, MD PhD. Baylor Institute for Health Care Research and 

Improvement.

Introduction: The Trauma Quality Improvement Program (TQIP) has shown that risk-

adjusted mortality rates at some centers are nearly 50% higher than at others. The reasons 

for this significant “quality gap” are unknown, but may be due to different clinical 

practices or processes of care. We have previously shown that adoption of processes 

promoted as Core Measures by the Joint Commission (JC) and Center for Medicare and 

Medicaid Services (CMS) in hospitalized patients do not improve trauma patient outcomes. 

We hypothesized that improved compliance with trauma specific clinical processes of care 

(T-POC) is associated with reduced mortality. 

Methods: Records of a random sample of 1000 patients admitted to a Level 1 trauma 

center who met TQIP criteria (AIS > 3) were retrospectively reviewed for compliance with 

twenty-five T-POC’s endorsed by ATLS, EAST, the Brain Trauma Foundation, or the 

Glue Grant Consortium.  All were evidence-based or expert consensus panel 

recommendations. Multivariate regression was used to determine the relationship between 

T-POC compliance and mortality, adjusted for age, gender, injury type, and severity. 

Results: Median age was 41 years, 65% were males, 88% sustained a blunt injury, and 

mortality was 12%. Of these, 81% were eligible for at least one T-POC, and over 60% 

were eligible for 2 or more. There was wide variation in compliance with T-POC’s, 

ranging from 99% for transfusions in hypotensive patients, to 8% for ICP monitoring in 

brain injured patients. Every 10% increase in compliance with T-POC’s was associated 

with a 14% reduction in risk-adjusted mortality. 

Conclusion: Unlike adoption of JC or CMS core measures, adoption of T-POC’s is 

associated with reduced mortality in trauma patients. Trauma centers with excess mortality 

may improve patient outcomes by consistent application of T-POC. These processes 

should be explored for potential use as Core Trauma Center Performance Measures. 
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BARRIERS TO EVIDENCE BASED CARE IN TRAUMA

Nadine Rayan, MHA, Sunni Barnes, PhD, Neil Fleming, PhD, Rustam Kudyakov, MD, MPH, 

David Ballard, MD, PhD, Larry Gentilello*, MD, Shahid Shafi*, MD, MPH. Baylor Institute for 

Health Care Research and Improvement.

Objective: We previously demonstrated that evidence-based medicine (EBM) is often not 

practiced in trauma care, as patients receive less than two-thirds of the care recommended 

by EBM. We hypothesized that patients least  likely to receive EBM-based care can be 

prospectively identified, which may be used to increase adoption of EBM in trauma care. 

Methods: Records of a random sample of 1000 patients admitted to a Level 1 trauma 

center (2006-08) with moderate to severe injuries (AIS > 3) were reviewed for compliance 

with 25 EBM-based processes of care (POC) endorsed by ATLS, EAST, the Brain Trauma 

Foundation, SCIP, and the Glue Grant Consortium.  These encompassed all aspects of care,

including initial evaluation, resuscitation, operative care, critical care, rehabilitation, and 

injury prevention. Multivariate logistic regression was used to identify patients likely to 

receive EBM-based POC’s. Results are reported as odds of compliance with 95% C.I.  

Results: 774 patients were eligible for 2603 POC’s. 

However, only 1515 of these POC's (58%) were provided to 

patients. Compliance was highest for POC’s involving 

resuscitation (83%), and were lowest for neurosurgical 

interventions (17%). Increasing injury severity (higher ISS, 

lower GCS, higher head AIS) was associated with lower 

compliance, while ICU stay and ventilator use were associated with higher compliance 

(Figure). There was no relationship between compliance and the following: age, gender, 

race, insurance status, household income, or initial care during a night or weekend shift. 

Conclusion: Patients with increased injury severity who are in greatest need of optimal 

care are least likely to receive it. Hence, patients with the most severe injuries should be 

targeted to ensure compliance with EBM-based processes of care. Studies to investigate 

barriers to closing this quality chasm should focus on patients with the most severe 

injuries, especially those with significant traumatic brain injuries. 
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Moving from “optimal resources” to “optimal care” at
trauma centers

Shahid Shafi, MD, MPH, Nadine Rayan, MHS, Sunni Barnes, PhD, Neil Fleming, PhD,
Larry M. Gentilello, MD, and David Ballard, MD, PhD, MSPH, FACP, Dallas, Texas

BACKGROUND: The Trauma Quality Improvement Program has shown that risk-adjusted mortality rates at some centers are nearly 50% higher than
at others. This “quality gap” may be due to different clinical practices or processes of care. We have previously shown that
adoption of processes called core measures by the Joint Commission and Centers for Medicare and Medicaid Services does not
improve outcomes of trauma patients. We hypothesized that improved compliance with trauma-specific clinical processes of care
(POC) is associated with reduced in-hospital mortality.

METHODS: Records of a random sample of 1,000 patients admitted to a Level I trauma center who met Trauma Quality Improvement Program
criteria (age �16 years and Abbreviated Injury Scale score �3) were retrospectively reviewed for compliance with 25
trauma-specific POC (T-POC) that were evidence-based or expert consensus panel recommendations. Multivariate regression was
used to determine the relationship between T-POC compliance and in-hospital mortality, adjusted for age, gender, injury type, and
severity.

RESULTS: Median age was 41 years, 65% were men, 88% sustained a blunt injury, and mortality was 12%. Of these, 77% were eligible for
at least one T-POC and 58% were eligible for two or more. There was wide variation in T-POC compliance. Every 10% increase
in compliance was associated with a 14% reduction in risk-adjusted in-hospital mortality.

CONCLUSION: Unlike adoption of core measures, compliance with T-POC is associated with reduced mortality in trauma patients. Trauma centers
with excess in-hospital mortality may improve patient outcomes by consistently applying T-POC. These processes should be
explored for potential use as Core Trauma Center Performance Measures. (J Trauma. 2012;72: 870–877. Copyright © 2012 by
Lippincott Williams & Wilkins)

LEVEL OF
EVIDENCE: II.
KEY WORDS: Trauma quality improvement; core measures; trauma processes of care.

Injured patients treated at designated trauma centers are
more likely to survive than those treated at nondesignated

hospitals.1 However, Trauma Quality Improvement Program
has demonstrated that risk-adjusted mortality rates are highly
variable across designated trauma centers, with some centers
achieving significantly better (or worse) outcomes than oth-
ers.2–5 The reasons for this variation are unclear. Donabedian
principles of quality improvement suggest that structures and
processes of care (POC) determine outcomes. Hence, if these
centers have similar administrative and organizational struc-
tures ensured by their designation as trauma centers, there
must be differences in patient care processes that result in
variations in patient outcomes.

Variations in clinical practices across a spectrum of dis-
ease are well known. Extensive variations in clinical practices
across and within trauma centers have also been reported.6,7 For

example, we have recently shown that risk-adjusted operative
procedure rates for injuries to liver, spleen, and kidneys vary
widely between trauma centers.7 In addition, we found that
centers that more frequently selected operative rather than non-
operative management of patients with the same severity of
injury to these organs, and with the same hemodynamic status
after injury, had significantly higher risk-adjusted mortality,
suggesting that more is not always better. This was an example
of a clinical process that both increased mortality and wasted
precious healthcare resources. Hence, to ensure a high degree of
clinical effectiveness and efficiency, it is necessary to identify
clinical practices that are associated with best patient outcomes.

In an attempt to reduce variations in care and increase
adoption of evidence-based practices, “core measures” were
developed by the Centers for Medicare and Medicaid Services
and the Joint Commission for the management of acute myo-
cardial infarction, congestive heart failure, ventilator-associated
pneumonia, and surgical care improvement (SCIP). Several
studies suggest that compliance with core measures improves
patient outcomes.8 However, we have recently demonstrated
that compliance with these measures, including SCIP, does not
correlate with risk-adjusted outcomes of trauma patients.9

Hence, there is a need to develop trauma-specific measures of
best practices.
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The purpose of this study was to determine whether
there were trauma-specific POC (T-POC) that may reduce
mortality in trauma patients and to analyze the potential
impact of improved adoption of T-POC on patient outcomes.
The hypothesis for this study was that clinical care processes
for management of trauma patients are variable and that
improved compliance with T-POC was associated with re-
duced in-hospital mortality.

MATERIALS AND METHODS
This is a 3-year retrospective study (January 1, 2006 to

December 31, 2008) of patients treated at a large, urban Level
I trauma center, approved by the Institutional Review Board.
During the study period, the trauma registry included 7,581
patients. Inclusion criteria consisted of the following:

1. Adults, defined as age �16 years.
2. Moderate to severe injuries defined as at least Abbreviated

Injury Scale score �3 injuries.
3. Primary outcomes (in-hospital mortality, complications,

and length of stay [LOS]) must be known.

Exclusion criteria consisted of the following:

1. Delayed admission defined as time from injury to arrival
in emergency department (ED) �1 day.

2. Those deemed dead on arrival.
3. Gunshot wounds to the head or penetrating injuries out-

side the torso (torso defined as neck, chest, and abdomen).
4. Primary mechanism of injury of burns, poisoning, drown-

ing, hanging, submersion, and asphyxiation.

Application of inclusion/exclusion criteria identified
2,242 patients. From these, 1,000 patients were chosen as the
study population using a simple random methodology. Six
patients were later eliminated due to incomplete information
which could not be obtained. Thus, the final study population
consisted of 994 patients. Any relevant information that was
incomplete or missing in the registry data, such as date and
time of admission, and certain laboratory values (specifically
prothrombin time with international normalized ratio) were
obtained from administrative databases or patient charts.

Trauma-Specific Processes of Care
Clinical guidelines from several professional groups

were reviewed to select 25 T-POC for inclusion in this study
(Appendix). These included the American College of Sur-
geons Committee on Trauma,10 Eastern Association for the
Surgery of Trauma,11 Society for Critical Care Medicine,12

the Brain Trauma Foundation,13 the Glue Grant Consor-
tium,14 and the SCIP Project.15 Because it was not possible to
measure all care processes, only those that could directly
impact outcomes of trauma patients and were measureable
were selected. Selected T-POC encompassed all aspects of
trauma care, including initial evaluation, resuscitation, oper-
ative care, critical care, rehabilitation, and injury prevention.
We focused on four specific groups of patients: traumatic
brain injuries (TBI), hemorrhagic shock (systolic blood pres-
sure 90 mm Hg or less), pelvic fractures, and long bone
extremity fractures (femur or tibia). TBI was chosen as it is

the most common cause of death and disability in trauma
patients, while hemorrhage is the second leading cause of
death. Fractures were chosen as they represent a common
injury in trauma patients. These fractures are an uncommon
cause of death but are the second most common cause of
disability after TBI.

Patient Eligibility
Information from the trauma registry dataset was used to

identify patients who were eligible for each T-POC. Eligibility
was determined by a combination of mechanism of injuries,
specific injuries and severity, comorbidities, and procedures
(Appendix). All data definitions were based on the National
Trauma Data Standard Data Dictionary (NTDS, version 1.2.5)
whenever possible.16 Definition of complications was supple-
mented by our previous work.17 In addition, definitions of the
American Association for the Surgery of Trauma were used to
identify solid organ injuries and related procedures.18 Injuries
were classified into blunt and penetrating based on the matrix of
E-code groupings proposed by the Centers for Disease Control.
Specific injuries, complications, and procedures were identified
using ICD-9 codes which were validated by trauma registry
staff. A software tool was developed that analyzed information
contained in the trauma registry to identify patients who were
eligible for T-POC. The accuracy of the tool in identifying
patients eligible for T-POC was validated by manual review of
registry data in a simple random sample of 72 patients (7% of
the study population). For each T-POC, at least one patient who
was deemed eligible and one who was deemed ineligible by the
tool were identified and their trauma registry data were manually
reviewed to determine whether they were correctly classified by
the tool. If any discrepancy was identified, the tool was modified
and revalidated until no further discrepancies were identified.
After completion of the validation, the tool identified 774 pa-
tients (out of 994) who were eligible for at least one T-POC.

Data Collection
A written data dictionary was developed that defined

each T-POC and a source hierarchy to determine whether
patients received T-POC for which they were eligible. Four
nurse abstractors reviewed electronic medical records after
undergoing training on data abstraction guidelines. During
training, each nurse abstractor reviewed the 10 patient charts.
Discrepancies among reviewers were discussed and defini-
tions were modified to minimize ambiguity during data ab-
straction. To further validate the quality of data abstracted, an
independent nurse reviewer abstracted data from a 10%
simple random sample of charts (82 patients). Inter-rater
reliability was then calculated using kappa statistic. Inter-
rater reliability was high (kappa �0.9), except for two T-POC
whose definition was modified after initial data collection.

Data Analysis
The primary predictors of interest were the 25 T-POC.

Patients who were eligible for each T-POC are reported as
percentage of total study population. Patients who received each
T-POC are reported as percentage of total number of patients
who were eligible for that T-POC. Where relevant, times to
T-POC from the time of arrival in ED are reported as medians.
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For each patient, a compliance score was calculated based on the
opportunity model used by Centers for Medicare and Medicaid
Services for reporting compliance with their core measures.9 For
example, if a patient was eligible for 10 T-POC and received 8
of them, then his T-POC compliance score was 80. Similarly, if
a patient was eligible for six T-POC and received all six, then his
T-POC compliance score was 100. Primary outcome of interest
was in-hospital mortality. Relationship between T-POC compli-
ance score and risk-adjusted mortality was measured using
logistic regression. Patients who were not eligible for any T-
POC were excluded from this part of the analysis. Risk adjust-
ment models included age; gender; mechanism of injury; injury
severity score; first systolic blood pressure in ED; total Glasgow
Coma Scale (GCS) in ED; and Abbreviated Injury Scale for
injuries to head, chest, and abdomen. The final model for
mortality was also used to estimate the number of lives that may
be saved by improvements in compliance rates. Compliance
score was also entered as a predictor in the model. All statistical
analysis was performed using SAS (SAS Inc, Cary, NC).

RESULTS
Patient characteristics are summarized in Table 1 and

reflect a typical urban trauma patient population. Median age
was 41 years, 65% were men, 53% were Caucasians, 88%
sustained a blunt mechanism, and 55% were uninsured. Overall
in-hospital mortality was 12%, complication rate was 22%, and
median LOS was 5 days. Of the study population, 774 patients
(77%) were eligible for at least 1 of the 25 T-POC (Table 2). Of
these, 197 (25%) were eligible for only one T-POC, 159 (21%)
for two T-POC, 132 (17%) for three T-POC, and the rest of 286
(37%) were eligible for four or more T-POC. Compliance rates
with various T-POC ranged from 10% to 99% (Table 2 and Fig.
1). Compliance in 90% or more eligible patients was achieved in
only three T-POC: blood transfusion in hypotensive patients,
endotracheal intubation with low GCS, and laparotomy for
gunshot wounds to the abdomen. For patients who were eligible
for at least one T-POC, the median Compliance Score was 60
(interquartile range, 29–100), suggesting that half of the patients
only received 60% of the care they needed (Fig. 2). Less than a

third of the patients had a 90% or higher compliance score (Fig.
2). In the multivariable model (controlling for all potential
confounders listed in Methods section), there was a significant
association between compliance score and mortality (odds ratio,
0.9862; 95% confidence interval, 0.9758–0.9967; p � 0.01)
meaning that for every 1% increase in compliance score, the risk
of mortality decreased by 1.38%. In other words, each 10%
increase in compliance score was associated with an almost 14%
reduction in risk-adjusted mortality. Hence, increasing compli-
ance with these 25 POC from the observed rate of 57% to 100%
has the potential to save 52 lives.

DISCUSSION
The findings of this study demonstrate large variations in

clinical practices resulting in inadequate compliance with sev-
eral commonly recommended clinical POC that are necessary
for optimal management of trauma patients. These data also
suggest that significant improvements in patient mortality may
be achieved by improving compliance with these T-POC.

There are several implications of our findings. Trauma
quality improvement efforts to date have focused on the
availability of optimal resources. This approach has been
highly successful as evidenced by the expansion of trauma
systems and designated trauma centers. From 1991 to 2002,
the number of trauma centers in the country has more than
doubled, from 471 to 1,154.19 Existing criteria for trauma
center designation are based on expert consensus but not on
patient outcomes. However, centers meeting these criteria
have demonstrated improved outcomes.1 Despite two decades
of experience with trauma center designation process, it
remains unclear which specific institutional structures and
POC, or their combination, contribute to patient outcomes. In
addition, designation criteria primarily focus on institutional
structures with little emphasis on POC. The underlying as-
sumption suggests that if resources are available, patients will
receive the care they need. However, the findings of this
study suggest otherwise. The results show that despite avail-
ability of adequate resources, almost half of the patients did
not receive the care they should have. Hence, the focus of
trauma quality improvement needs to shift from provision of
“optimal resources” to provision of “optimal care.”

Practice management guidelines have been developed
by several professional societies and quality improvement
forums to improve the quality of care. However, there has
been little emphasis on measuring compliance with these
guidelines which has resulted in inconsistent practices. Cur-
rently, there are no mechanisms in place to measure adoption
of these guidelines in daily clinical practices. Hence, our
observations are not surprising. The overall median compli-
ance score of 60 is consistent with previous reports on
management of other acute and chronic diseases showing
that, on average, Americans receive about half of recom-
mended medical care processes.20 For example, it has been
shown that less than half of patients with acute myocardial
infarction who were eligible for thrombolytic therapy re-
ceived it during hospitalization.21 Only 45% of patients who
suffered heart attacks received beta-blockers, whereas only
28% smokers received advice on smoking cessation. Never-

TABLE 1. Patient Characteristics and Crude Outcomes

Age (yr, Median With IQR) 41 (27, 60)

Male gender 65%

Blunt mechanism 88%

Ethnicity—minority 47%

Insurance—none, including Medicaid 54%

Injury Severity Score (median with IQR) 16 (10, 24)

Systolic blood pressure (mm Hg, median with IQR) 133 (114, 152)

Glasgow Coma Scale (median with IQR) 15 (14, 15)

Head injuries 49%

Chest injuries 46%

Abdominal injuries 28%

Mortality rate (crude) 12%

Complication rate (crude) 22%

Length of stay (d, median with IQR) 5 (3, 9)

IQR, interquartile range.
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theless, some of the deficits in delivery of trauma care that
are identified in this study are truly astounding, especially
considering the fact that the study focused on basic clinical
practices in trauma care, not cutting-edge research. For
example, only half of the patients with severe blunt ab-
dominal injuries who were hypotensive underwent a lap-
arotomy. Over a third of the patients with open fractures of
femur and tibia did not undergo an operative irrigation and
debridement of their fractures. Only a quarter of patients
with pelvic fracture who were hypotensive received exter-
nal pelvic compression. Nine of 10 patients with docu-
mented intracranial injury on computed tomography and a
low GCS who were intubated were managed without an
intracranial pressure monitor. Lack of provision of basic
clinical care reflects a significant quality gap. In addition,
variable practice patterns result in over- or underutilization
of specific therapies and increase healthcare costs with no
improvement in patient outcomes.21

It is clear that the availability of “optimal resources”
does not ensure delivery of “optimal care.” Delivery of
optimal care requires translation of scientific knowledge
into everyday practice.22 It is a complex process with
several interacting components. Hence, it is unlikely that a
single intervention can improve clinical practices. Clearly,

it is important to monitor and report compliance with
common clinical processes. The use of standardized order
sets and computerized decision support systems has been
shown to improve compliance with recommended
POC.23,24 Another approach is the use of checklists.25 A
checklist of clinical care processes that a patient is eligible
for based on his injuries and injury severity may enable
providers to monitor these processes at the bedside regu-
larly and use them as a performance improvement tool.
Further multi-institutional studies, and perhaps interven-
tional trials, need to be undertaken to identify best POC at
trauma centers. The resultant set of POC, when viewed
together, will permit a robust assessment of quality of care
provided to injured patients. These processes, which may
be called Trauma Core Measures, will maximize the pa-
tients’ likelihood of survival, minimize the risk of compli-
cations, and may reduce healthcare resource utilization. In
addition, the findings will spur coalitions of stakeholders
to improve the quality of care across all trauma centers and
may be used to improve the criteria used for verification
and designation of trauma centers.

This study has a few limitations that must be acknowl-
edged. It is a retrospective analysis with all its inherent
limitations. The findings reflect the experience of a single

TABLE 2. Process of Care

Process
Eligible Number

(%)
Compliant Number

(%)
Inter-Rater Agreement

(Kappa)
Time to Process

(Median)

Head CT scan 295 (30) 218 (74) 1.00 16 min

CT angiography neck for blunt cerebrovascular injuries 262 (26) 37 (14) 0.97

PRBC transfusion 117 (12) 116 (99) 0.92 16 min

Blood gas measurement 117 (12) 72 (62) 1.00 11 min

Endotracheal intubation 90 (9) 86 (96) 0.93 5 min

FFP or PCC 37 (4) 15 (41) 0.24* 5 h

ED thoracotomy 8 (�1) 2 (25) 1.00

Laparotomy in abdominal gunshot wounds 11 (1) 10 (91) 1.00 39 min

Laparotomy in blunt abdominal trauma 20 (2) 10 (50) Too few to evaluate 51 min

External pelvic compression (binder, sheet, other devices) in ED 23 (2) 6 (26) 1.00 34 min

Angioembolization 23 (2) 4 (17) 1.00 2 h

Preoperative antibiotics 83 (8) 68 (82) 1.00

Craniotomy 74 (7) 11 (15) 1.00 3.5 h

Intracranial pressure monitor 100 (10) 10 (10) 1.00 5.5 h

I&D in operating room 17 (2) 10 (59) 1.00 3 h

Intravenous antibiotics 17 (2) 15 (88) 1.00 1 h

Definitive fracture fixation 89 (9) 78 (89) 1.00 Day 1

Operative pelvic fixation 94 (9) 38 (40) 1.00 Day 2

Initiation of DVT prophylaxis (chemical or filter) 224 (22) 145 (65) 1.00 Day 2

Initiation of nutrition (Enteral or TPN) 276 (28) 194 (70) 1.00 Day 3

Low stretch ventilation (�6 mL/kg) 0 NA NA

VAP—specimen obtained before antibiotic use 45 (5) 39 (87) 1.00

SBI before discharge from hospital 322 (32) 143 (44) 0.970

Physical therapy/rehabilitation evaluation 138 (14) 96 (70) 1.00 Day 2

Abdominal CT scans for blunt solid organ injuries 121 (12) 92 (76) 0.48*

ARDS, acute respiratory distress syndrome; CT, computed tomography; DVT, deep venous thrombosis; FFP, fresh frozen plasma; I&D, irrigation and debridement; INR,
international normalized ratio; IRR, inter-rater reliability; PCC, prothrombin complex concentrate; PRBC, packed red blood cells; SBI, alcohol screening and brief intervention; SBP,
systolic blood pressure; TPN, total parenteral nutrition; VAP, ventilator-associated pneumonia.

* Eligibility criteria for these process measures were modified in the data entry tool during the chart review. Kappa calculations did not account for these modifications.
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urban institution with its own unique characteristics. Com-
pliance with specific processes was determined based on the
documentation provided in the charts, and lack of documen-
tation may not mean lack of compliance. In addition, we were
not able to analyze the reasons for noncompliance. For
example, it is possible that patients who were eligible for
endotracheal intubation but did not undergo intubation might
have been designated as do not resuscitate or may have had
sustained nonsurvivable injuries in which case the interven-
tion would be futile. Because of these reasons, it is probably
safe to say that “optimal” care may not necessarily mean
100% compliance. Large multicenter studies are needed to
define “acceptable” or “optimal” compliance rate for each
specific process. The study did not have enough power to

determine specific clinical processes that were independent
predictors of patient outcomes. Nor was the study design
appropriate to determine the impact of specific interventions
on patient outcomes as that would require a randomized
controlled trial. In other words, our findings do not identify
“best practices” in trauma. However, they do suggest that
compliance with currently recommended care has the poten-
tial to improve patient outcomes but that needs to be proven
in a prospective study. The processes studied were chosen by
the study investigators only. An important consideration in
the selection process was our ability to obtain information in
a retrospective chart review within the resources available. It
is possible that a longer list of processes may be more
appropriate to measure the quality of care. It should be noted
that McGlynn et al. 20 measured an average of 15 processes
per patient whereas we measured 25 processes in this study.
Moreover, the purpose of this study was not only to validate
which POC work the best but also to determine whether our
practices were consistent with published guidelines. We
would also like to emphasize that although the statistical
analysis suggests that additional lives could be saved with
increased compliance with T-POC, we do not know the
causes of death in this patient population. In fact, peer review
during this time period did not find any preventable or
potentially preventable deaths. Thus, impact on mortality and
other outcomes, such as complications, costs, and LOS, needs
further study. However, we think that this discrepancy pro-
vides further impetus to elucidate details of care provided to
the patients, especially given our finding of improvement in
patient outcomes associated with increased compliance with
recommended care. A more detailed analysis of how the care
is delivered to individual patients using a structured and
standardized approach based on current practice guidelines
will make the peer review process more informative.

In conclusion, the findings of this study demonstrate
that compliance with several generally recommended clinical
processes for management of patient with moderate to severe
traumatic injuries remains inadequate. Improved compliance
with these processes has the potential to significantly reduce
mortality. The focus of quality improvement in trauma care
needs to shift from “optimal resources” to “optimal care.” In
short, we can do better.

AUTHORSHIP
S.S., N.R., and N.F. designed this study. S.S., N.R., and S.B.
collected and analyzed the data. All authors participated in
manuscript preparation.

DISCLOSURE
Supported in part by the Agency for Healthcare Research and Quality
(AHRQ grant no. 1R01HS017718–01A1) and the Seeger Foundation of
the Baylor University Medical Center, Dallas, Texas. Funded by Award #
NTI-NTI-TRA-10-020 from the National Trauma Institute and sponsored
by the Department of the Army, Prime award #W81XWH-11-1-0841.
The U.S. Army Medical Research Acquisition Activity, 820 Chandler
Street, Fort Detrick MD 21702-5014 is the awarding and administering
acquisition office. The opinions or assertions contained herein are the
private views of the authors and are not to be construed as official or
as reflecting the views of the Department of the Army or the
Department of Defense.

Figure 1. Compliance rate (percentage with 95% confi-
dence interval). ABG, arterial blood gas; AE, angioemboli-
zation; CT, computed tomography; CTA, computed
tomographic angiography; DVT, deep venous thrombosis;
FFP, fresh frozen plasma; ETT, endotracheal tube; Fx, frac-
ture; ICP, intracranial pressure; I&D, irrigation and de-
bridement; IV, intravenous; PCC, prothrombin complex
concentrate; PRBC, packed red blood cells; PT, physical
therapy; SBI, alcohol screening and brief intervention;
VAP, ventilator-associated pneumonia.

Figure 2. Compliance score.
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J Trauma
Volume 72, Number 4 Shafi et al.

© 2012 Lippincott Williams & Wilkins 875

http://www.east.org/tpg.asp
http://www.east.org/tpg.asp
http://www.sccm.org/Pages/default.aspx
http://www.sccm.org/Pages/default.aspx
http://www.braintrauma.org
http://www.gluegrant.org


15. QualityNet. SCIP project information. Available at: http://www.qualitynet.
org/dcs/ContentServer?c�MQParents&pagename�Medqic%2FContent%
2FParentShellTemplate&cid�1122904930422&parentName�Topic. Ac-
cessed November 9–13, 2009.

16. National Trauma Data Bank. National Trauma Data Standard. Available
at: http://www.ntdsdictionary.org/. Accessed January 4, 2010.

17. Ingraham AM, Xiong W, Hemmila MR, et al. The attributable mortality
and length of stay of trauma-related complications: a matched cohort
study. Ann Surg. 2010;252:358–362.

18. Kalhan R, Mikkelsen M, Dedhiya P, et al. Underuse of lung protective
ventilation: analysis of potential factors to explain physician behavior.
Crit Care Med. 2006;34:300–306.

19. MacKenzie EJ, Hoyt DB, Sacra JC, et al. National inventory of hospital
trauma centers. JAMA. 2003;289:1515–1522.

20. McGlynn EA, Asch SM, Adams J, et al. The quality of health care delivered
to adults in the United States. N Engl J Med. 2003;348:2635–2645.

21. Schuster MA, McGlynn EA, Brook RH. How good is the quality
of health care in the United States? Milbank Q. 1998;76:517–563,
509.

22. Jones DW, Peterson ED, Bonow RO, et al. Translating research into
practice for healthcare providers: the American Heart Association’s
strategy for building healthier lives, free of cardiovascular diseases and
stroke. Circulation. 2008;118:687–696.

23. Fleming NS, Ogola G, Ballard DJ. Implementing a standardized order
set for community-acquired pneumonia: impact on mortality and cost. Jt
Comm J Qual Patient Saf. 2009;35:414–421.

24. Sucher JF, Moore FA, Todd SR, Sailors RM, McKinley BA. Comput-
erized clinical decision support: a technology to implement and validate
evidence based guidelines. J Trauma. 2008;64:520–537.

25. Haynes AB, Weiser TG, Berry WR, et al. A surgical safety checklist to
reduce morbidity and mortality in a global population. N Engl J Med.
2009;360:491–499.

DISCUSSION
Dr. Mark R. Hemmila (Ann Arbor, Michigan): Dr.

Shafi and co-authors have presented excellent work in exam-
ining the trauma-specific processes of care and their ability to
reduce in-hospital mortality.

The take-home point of this paper is that for every
percentage increase in compliance with these processes of
care, they found a 14% reduction in mortality.

I’m a firm believer that the more we can reduce unnec-
essary variation in care, the more likely we are to see
improved results for our patients, keeping in mind that there
will always be occasional exceptions to these processes based
on circumstances.

Examining processes of care and also performance of
external data validation represent two difficult but necessary
areas for TQIP in which much heavy lifting will be required.

Digging a little deeper, the most striking result to me
was the wide variation in compliance with these trauma
specific processes of care. Specifically, rates of compliance
were low for ICP monitor and craniotomy of brain injured
patients and were also low for pelvic compression and an-
gioembolization in pelvic fracture patients. Is this because the
software algorithm identified patients with a set of injuries
that suggests the potential for intervention but in reality
intervention would be futile (i.e. a bad brain injury in an
elderly patient) or is it reflective of lapses in optimal care?
Along these lines, I have the following three questions:

First, your results suggest that within a trauma system
there are still many patients with preventable or potentially
preventable mortality. For the same cohort do you have any

data on how many patients were peer reviewed and found to
be within this category?

Secondly, there may be factors why aggressive neuro-
surgical intervention was not pursued. For example a patient
may appear to be a candidate for life saving intervention but
the surgeons and family are concerned about a non-functional
outcome. Does this explain low compliance with the use of
neurosurgical interventions?

And third, is there a subgroup of three to five processes
of care from your study when applied prospectively would
potentially result in improved outcomes? In other words,
which of these trauma-specific processes of care when fol-
lowed is likely to have the greatest impact?

Thank you for the opportunity to discuss this paper. I
think this is excellent work. It involves a lot of nitty-gritty
digging into the data. I look forward to more work from Dr.
Shafi on this topic.

Dr. Ajai K. Malhotra (Richmond, Virginia): I really
enjoyed that work and the presentation. But I’m curious, is
this trauma center maybe not a good trauma center? Did you
go back and look at the caterpillar curve from the TQIP data
to see where it stood? Is it one of the higher-performing
centers, lower-performing centers, or intermediate centers?

Dr. Walter Biffl (Denver, Colorado): It’s a nice pre-
sentation, but for those of us who do work in quality in our
institutions, we’re all well aware of the shortcomings of the
administrative data bases.

While a TQIP is certainly a rigorous one, my primary
question is how are you proposing that these data be used?

I mean, looking at the low compliance factors on your
list, there is certainly not consensus among those in this room
or among large organizations how ED thoracotomy should be
applied, who should be screened for cerebrovascular injury,
who should have pelvic angioembolization, etc. So you need
to be careful about publishing these data and saying a center
is not doing their job if they’re not complying with certain
measures.

Dr. Thomas J. Esposito (Maywood, Illinois): I was
just wondering if any of the particular compliance violations
were anymore egregious than others with regard to mortality?
And, secondly, did you assess the impact on morbidities as
well?

Dr. Carnell Cooper (Baltimore, Maryland): In the last
statement in your abstract, you suggest that trauma centers of
excess mortality may improve with application of this pro-
cess. Does it suggest that only if you have excess mortality
this is helpful? Is it not helpful in improving if you are from
an average trauma center?

Dr. Shahid Shafi (Grapevine, Texas): That wasn’t so
bad, actually. Dr. Hemmila asked me three questions:

How many of these deaths were preventable? Now, let
me preface my answer – and I have five minutes I can go on
– that this study has, of course, certain limitations. This is a
single center experience. And we all know that the practices
vary from institution to institution and from within an insti-
tution from surgeon to surgeon.

In fact, I was looking at the program. There are at least
two other papers, one is by Dr. Hoyt who is going to talk
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about the variation in practices for DVT screening, and there
was another paper which talks about variation in practices
about pain management for rib fractures. So those variations
are common.

What I showed is a reflection of a single center, but the
data are quite compelling, especially the relationship between
the compliance with processes and the outcomes.

How many of these deaths were preventable? During
the same three year period, there were 500 or close to 600
deaths at the trauma center. Only 17 of those deaths were
classified as potentially preventable. The rest of them were
classified as non-preventable. Now, but we all know that at
some point every death becomes inevitable. And this is
actually the talk of another paper. Here we will talk about the
failure to rescue.

So if you have complication, you fail to rescue and then
the patient inevitably goes into multiple organ failure and
dies, is that a non-preventable death? So I think that we need
to look at that classification more carefully.

Low compliance with neurosurgical interventions is
pretty obvious in our data set. In every trauma center that I
have worked at, that has always been discussed between
trauma surgeons and neurosurgeons as to what needs to be
done. The Brain Trauma Foundation Guidelines look pretty
clear to us, but they don’t look as clear to neurosurgeons. So,
all I can say is that just reflects local practices. I don’t know
why. In this retrospect analysis we were not able to identify
the causes of why certain things were not done.

A critical question that you asked, and I think Dr.
Esposito also asked the same question, is which of these 25
processes of care are the critical ones? Well, again, I think the
concept that I am trying to convey is that there is no magic
bullet. I think what we have to do is provide good quality care
day in and day out. And that requires going through multiple
processes and making sure that every one of them is crossed.

I think that the 25 processes that were chosen should be
looked at simply as an indicator of the quality of care – not

that DVT prophylaxis will save life but if you’re doing DVT
prophylaxis diligently in more than 90% of your patients you
are probably doing everything else right too.

So in this particular data set, we did not have the power
to identify which specific processes of care are associated
with mortality. Now, we have recently received funding from
National Trauma Institute to expand the study to three centers
and hopefully in a couple of years we will be able to give you
some more information.

Dr. Malhotra asked if this is a poorly-performing
trauma center. Dr. Peitzman, what can I say? I mean, I guess
I’m up here and I’m willing to say that we are not doing as
well as we think we are. The question is, are you willing to
do the same? But this particular center is actually, I don’t
know their OT ratio. They are not a participant in TQIP, yet.
But they obviously allowed me access to their data.

Dr. Biffl asked about the specific processes of care. I
totally agree with you. There is no consensus on which
processes actually matter. But, again, I think concept is to
look at compliance as an indicator of quality of care and not
an end in itself.

The last question Dr. Esposito asked was have you
looked at morbidities? We have started looking at morbidities
but our analysis is still quite preliminary. And it actually
seems like the more lives you save the complications go up.
So the increase in compliance seems to be associated with the
increase in complication rates and length of stay, but we are
not sure about that yet.

I’m missing the last question. This was about improve-
ments. Which process is more important? I already addressed
that. Oh, yes, how would you use it? The reason I started
looking at it is because if TQIP tells a center that you’re not
doing well, we must also tell them what you can do to
improve yourself. So this was an example of what can be
done to improve yourself. But certainly every center will
probably improve their outcomes based on better compliance.
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Barriers to compliance with evidence-based care in trauma
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David Ballard, MD, PhD, MSPH, Larry M. Gentilello, MD, and Shahid Shafi, MD, MPH, Dallas, Texas

BACKGROUND: We have preciously demonstrated that trauma patients receive less than two-thirds of the care recommended by evidence-based
medicine. The purpose of this study was to identify patients least likely to receive optimal care.

METHODS: Records of a random sample of 774 patients admitted to a Level I trauma center (2006–2008) with moderate to severe injuries
(Abbreviated Injury Scale score �3) were reviewed for compliance with 25 trauma-specific processes of care (T-POC) endorsed
by Advanced Trauma Life Support, Eastern Association for the Surgery of Trauma, the Brain Trauma Foundation, Surgical Care
Improvement Project, and the Glue Grant Consortium based on evidence or consensus. These encompassed all aspects of trauma
care, including initial evaluation, resuscitation, operative care, critical care, rehabilitation, and injury prevention. Multivariate
logistic regression was used to identify patients likely to receive recommended care.

RESULTS: Study patients were eligible for a total of 2,603 T-POC, of which only 1,515 (58%) were provided to the patient. Compliance was
highest for T-POC involving resuscitation (83%) and was lowest for neurosurgical interventions (17%). Increasing severity of head
injuries was associated with lower compliance, while intensive care unit stay was associated with higher compliance. There was
no relationship between compliance and patient demographics, socioeconomic status, overall injury severity, or daily volume of
trauma admissions.

CONCLUSION: Little over half of recommended care was delivered to trauma patients with moderate to severe injuries. Patients with increasing
severity of traumatic brain injuries were least likely to receive optimal care. However, differences among patient subgroups are
small in relation to the overall gap between observed and recommended care. (J Trauma. 2012;72: 585–593. Copyright © 2012
by Lippincott Williams & Wilkins)

LEVEL OF
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KEY WORDS: Quality improvement; practice guidelines; innovation diffusion.

In 2006, the Committee on Trauma of the American College
of Surgeons implemented the Trauma Quality Improvement

(TQIP) program to measure and improve the quality of care
in trauma. TQIP demonstrated that risk-adjusted patient out-
comes varied between designated trauma centers despite
availability of optimal resources.1,2 Donabedian3 principles of
quality improvement suggest that outcomes depend on struc-
tures and processes. Hence, if structural characteristics of
trauma centers are similar based on their designation status,
variations in patient outcomes must be related to differences
in processes of care.

In an attempt to reduce variations in care and increase
adoption of evidence-based practices, “core measures” were
developed by the Centers for Medicare and Medicaid Ser-
vices and the Joint Commission. These core measures focus

on management of acute myocardial infarction, congestive
heart failure, ventilator-associated pneumonia, and surgical
care improvement. However, adoption of evidence-based
practices in healthcare remains a challenge. In a nationwide
study, McGlynn et al.4 showed that only 55% of patients
received recommended care. Also, we have previously shown
that surgical care improvement measures have little relevance
to outcome of trauma patients.5 Several trauma professional
societies have developed evidence- or consensus-based prac-
tice management guidelines.6–10 However, compliance with
these guidelines is neither measured nor reported in routine
trauma practice. Recently, we demonstrated that these guide-
lines are often not followed as less than two-thirds of the
patients receive the recommended care. In that study of 25
trauma-specific processes of care (T-POC), compliance rate
with each varied from as little as 10% to close to 100%. Most
importantly, we demonstrated that every 10% increase in
compliance rate was associated with a 14% reduction in
risk-adjusted in-hospital mortality.11

Barriers to adoption of recommended care are poorly
understood.4 In the case of trauma patients, little is known
about reasons why patients receive suboptimal care. The
purpose of this study was to identify patients who are at high
risk of receiving suboptimal care. The hypothesis for this
article was that trauma patients least likely to receive recom-
mended care (evidence or consensus based) can be prospec-

Submitted: September 8, 2011, Revised: November 9, 2011, Accepted: November 25, 2011.
From the Institute for Health Care Research and Improvement (N.R., S.B., N.F.,

R.K., D.B., S.S.), Baylor Health Care System, Dallas, Texas; and University
of Texas Southwestern Medical Center (L.M.G.), Dallas, Texas.

Supported in part by Agency for Healthcare Research and Quality (AHRQ grant
#1R01HS017718-01A1) and the Seeger Foundation of the Baylor University
Medical Center, Dallas, TX.

Address for reprints: Shahid Shafi, MD, Baylor Health Care System, 1600 W.
College Street, Suite LL 10, Grapevine, TX 76051; email: shahid.shafi@
baylorhealth.edu.

DOI: 10.1097/TA.0b013e318243da4d

J Trauma
Volume 72, Number 3

585



tively identified. Such patients may then be targeted for
increased adoption of optimal trauma care.

PATIENTS AND METHODS
This was a 3-year retrospective study (January 1, 2006,

through December 31, 2008) of patients treated at a large,
urban Level I trauma center. During the study period, the
trauma registry included a total of 7,581 patients. We exam-
ined the relationship of trauma patient characteristics such as
demographics, socioeconomic status, injury type and sever-
ity, and certain trauma center characteristics with delivery of
care recommended by several professional societies (details
given below). The methods for patient selection and data
collection have been described previously and are summa-
rized below.11

Trauma-Specific Processes of Care
Twenty-five T-POC were selected for inclusion in this

study after reviewing clinical practice guidelines from the
American College of Surgeons Committee on Trauma, East-
ern Association for the Surgery of Trauma, Society for
Critical Care Medicine, the Brain Trauma Foundation, the
Glue Grant Consortium, and Surgical Care Improvement
Project (Appendix).6–10,12 As it was not possible to measure
all care processes, only 25 T-POC were selected by the
investigators based on their likelihood of directly impacting
patient outcomes and our ability to measure them from
retrospective chart reviews. Selected T-POC encompassed all
features of trauma care, including initial evaluation, resusci-
tation, operative care, critical care, rehabilitation, and injury
prevention. We focused on four specific groups of types of
injuries: traumatic brain injuries (TBI), hemorrhagic shock
(systolic blood pressure �90 mm Hg), pelvic fractures, and
long bone extremity fractures (femur or tibia). TBI was
selected as it is the most common cause of death and disabil-
ity in trauma patients. Hemorrhage was chosen as it is the
second leading cause of death and most amenable to timely
interventions. Long bone extremity fractures were chosen
because they represent a common injury and are the second
most common cause of disability after TBI.

Patient Selection
TQIP criteria were used to identify patients for the

study.2 Inclusion criteria consisted of the following:

1. Adults, defined as age �16 years.
2. Moderate to severe injuries, defined as at least one injury

Abbreviated Injury Scale (AIS) score �3.

Exclusion criteria consisted of the following:

1. Delayed admissions, defined as time from injury to arrival
in emergency department �1 day.

2. Those deemed dead upon arrival.
3. Gunshot wounds to the head or penetrating injuries out-

side the torso (torso defined as neck, chest, and abdomen).
4. Primary mechanism of injury of burns, poisoning, drown-

ing, hanging, submersion, and asphyxiation.

Application of inclusion/exclusion criteria identified
2,242 patients. From these, 1,000 patients were randomly

selected for chart reviews. Six patients were later eliminated
due to incomplete information that could not be obtained. The
remaining 994 patients were then reviewed for their eligibil-
ity for T-POC.

Patient Eligibility for T-POC
Data from the trauma registry were used to identify

patients who were eligible for each T-POC. Eligibility was
determined by a combination of injury mechanism, type
and severity, comorbidities, and procedures (Appendix).
Whenever possible, all variable definitions were based on
those in the National Trauma Data Standard Data Diction-
ary (Version 1.2.5).13 Our previous work was used to
supplement the definition of complications.14 Classifica-
tions from the American Association for the Surgery of
Trauma were used to identify solid organ injuries and
related procedures.15 Injuries were classified into blunt and
penetrating based on the matrix of E-code groupings rec-
ommended by the Centers for Disease Control.16 Injury
mechanism, type, complications, and procedures were
identified using ICD-9 codes and validated by the trauma
registry staff. A software tool was created which used
information contained in the trauma registry to identify
patients who were eligible for specific T-POC. The accu-
racy of the tool in detecting patients eligible for specific
T-POC was validated by a manual review of registry data
in a random sample of 72 patients. For each T-POC, at
least one patient who was considered eligible and one who
was considered ineligible by the tool were identified, and
their trauma registry data were manually examined to
determine accuracy of classification by the tool. If any
disagreement was identified, the tool was modified and
revalidated until no further discrepancies were identified.
Once validation was complete, the tool was applied to the
previously identified 994 patients to identify those who
were eligible for the selected T-POC. A total of 774
patients were eligible for at least one T-POC and consti-
tuted the study population.

Data Collection
A data dictionary was developed that defined each

specific T-POC and included a source hierarchy to deter-
mine whether patients received T-POC for which they
were eligible. Four nurse abstractors reviewed patient
charts (all electronic) after undergoing training on data
abstraction guidelines. During training, each nurse abstrac-
tor reviewed 10 test patient charts. Discrepancies between
reviewers were discussed and definitions were clarified to
minimize ambiguity during data abstraction. To enhance
validation of data collection quality, an independent nurse
reviewer abstracted data from randomly selected charts for
82 patients. Interrater reliability designed to test agreement
between auditors was then determined using � statistic.
Agreement was high (� � 0.9), except for two T-POC
whose definition was modified after initial data collection.
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Data Analysis
Outcome

Patients in this study were eligible for a total of 2,603
T-POC which constituted the unit of observations. The pri-
mary outcome of interest was compliance with each of the
T-POC. Multiple imputation was used to estimate missing
data related to race, systolic blood pressure, Glasgow Coma
Scale (GCS) score, median income, and insurance status.

Predictors
Several predictors of compliance with T-POC were

explored. These are listed below:

Sociodemographics—age, gender, race/ethnicity, insurance
status, and median yearly household income estimated
using zip code of residence.

Injury characteristics—mechanism of injury, Injury Severity
Score, systolic blood pressure (SBP) and GCS score upon
presentation, number of T-POC each patient was eligible
for, length of stay, AIS head, chest, and abdomen, inten-
sive care unit (ICU) utilization, and ventilator support.

Trauma center characteristics—trauma patient volume on the
day of admission, time of week (weekend Friday through
Sunday vs. weekdays), and time of presentation (day 7 AM

to 7 PM vs. nights 7 PM to 7 AM).

Analytics
A generalized estimating equation with a logit link was

used to model the relationship between compliance with
T-POC measures and several predictors. Generalized estimat-
ing equations take into account the correlation among out-
comes or in this case within a patient as several patients were
eligible for more than one T-POC. Univariate analysis was
carried out first and then a multivariate model was developed
to identify independent predictors of compliance with T-POC
after adjusting for potential confounding factors. All analysis
was conducted using SAS version 9.3 (SAS Institute, Cary,
NC). Test statistics with an associated probability of �0.05
were considered statistically significant unless otherwise
noted. Data are summarized as means (�standard deviations)
and medians (interquartile range) for continuous variables
and proportions for categorical variables.

RESULTS
Patient characteristics are summarized in Table 1 and

reflect a typical urban trauma patient population. Of 774
patients in the study, the number of T-POC each patient was
eligible for ranged from 1 to 17, with a median of 3 processes
per patient. Of these, 197 patients (25%) were eligible for
only one T-POC, 159 (21%) for two, 132 (17%) for three,
while the rest of 286 patients (37%) were eligible for four or
more T-POC. Compliance rates with various T-POC ranged
from 10% to 99% as reported in our previous study.11 Of the
total 2,603 T-POC that the study population was eligible for,
only 1,515 were actually provided to the patients for an
overall compliance rate of 58%. The compliance was highest
with T-POC related to initial resuscitation and lowest for
those related to management of head injuries (Fig. 1). The

rate of compliance increased with increasing number of
T-POC patients were eligible for (Fig. 2). However, compli-
ance declined when the number of T-POC per patient ex-
ceeded five processes.

The univariate analysis (Table 2) showed that the fol-
lowing predictors were associated with increased likelihood
of compliance with T-POC: having health insurance, ICU

Figure 1. Compliance by T-POC by aspect of trauma care.

Figure 2. Compliance rate by number of T-POC per patient.

TABLE 1. Patient Characteristics (N � 774)

Characteristics

Age, yr, median (IQR) 38 (25–57)

Male gender 68%

Blunt mechanism 86%

Race/ethnicity*

White 50%

Minorities 50%

Injury Severity Score, median (IQR) 17 (10–26)

Injury Severity Score �24 31%

Systolic blood pressure, mm Hg, median (IQR) 130 (109–150)

Systolic blood pressure �90 mm Hg 16%

Glasgow Coma Scale, median (IQR) 15 (12–15)

Glasgow Coma Scale �8 22%

Length of stay, d, median (IQR) 5 (3–10)

Intensive care unit stay 51%

Mortality 15%

IQR, interquartile range.
* Note that one patient had missing race/ethnicity.
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TABLE 2. Potential Predictors of Compliance: Univariate Analysis

Predictor
Process

Compliance Rate
OR

(95% Confidence Interval)

Age (yr)
�65 58% 0.99 (0.75–1.32)
�65 58%

Gender
Female 56% 0.87 (0.70–1.08)
Male 59%

Ethnicity
Caucasians 60% 1.13 (0.93–1.38)
Minorities 57%

Mechanism of injury
Blunt 59% 1.25 (0.95–1.65)
Penetrating 54%

Insurance status*
Insured 62% 1.25 (1.02–1.54)
Uninsured 56%

Household income when compliant $US, median (IQR) 50, 823 (38, 988–62, 499) 1.02 (0.97–1.07)
Household income when noncompliant $US, median (IQR) 48, 133 (38, 989–60, 094)
AIS head*

1–2 67% 0.89 (0.85–0.93)
3–4 52%
5–6 49%

AIS thorax*
1–2 55% 0.91 (0.87–0.97)
3–4 58%
5–6 40%

AIS abdomen
1–2 52% 1.00 (0.94–1.07)
3–4 62%
5–6 59%

Glasgow Coma Scale*
�8 65% 1.07 (1.05–1.09)
�8 48%

Injury Severity Score*
�24 53% 0.98 (0.98–0.99)
�24 62%

Systolic blood pressure (mm Hg)*
�90 62% 1.55 (1.25–1.94)
�90 51%

Intensive care unit stay*
Yes 64% 1.70 (1.40–2.05)
No 51%

Ventilator use*
Yes 68% 1.60 (1.29–1.99)
No 57%

Time of admission
Day—7 AM to 7 PM 59% 1.03 (0.84–1.25)
Night—7 PM to 7 AM 58%

Day of admission
Weekend (Fri-Sun) 59% 1.07 (0.88–1.30)
Weekday (Mon-Thur) 57%

Total daily trauma admissions when compliant, median (IQR) 8 (6–10) 0.99 (0.95–1.02)
Total daily trauma admissions when noncompliant, median (IQR) 8 (6–10)
Length of hospital stay when compliant*, median days (IQR) 7 (4–19) 1.03 (1.02–1.04)
Length of hospital stay when noncompliant*, median days (IQR) 3 (1–9)

OR, odds ratio; IQR, interquartile range.
* p � 0.05.
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stay, ventilator support, increasing hospital length of stay,
higher GCS, and increasing systolic blood pressure. De-
creased compliance was associated with the following: in-
creasing Injury Severity Score and increasing severity of head
and chest injuries. There was no association between com-
pliance with T-POC and age, gender, race/ethnicity, mecha-
nism of injury, household income, abdominal injuries, trauma
volume on the day of admission, weekend versus weekday
admission, or day versus night admission.

Multivariate analysis (Table 3) revealed that the inde-
pendent predictors of increased compliance with T-POC
consisted of blunt mechanism of injury, increased total hos-
pital length of stay, and ICU stay. Increasing severity of head
injuries (increasing AIS, decreasing GCS) was associated
with lower likelihood of compliance with T-POC.

DISCUSSION
We have previously shown that less than two-thirds of

trauma patients with moderate to severe injuries receive
optimal care.11 In this study, we have attempted to explore the
reasons for delivery of suboptimal care. Our findings suggest
that patients with increasing severity of head injuries are at
risk of not receiving the recommended care. On the other
hand, patients with a blunt mechanism of injury and those
who required ICU stay were more likely to receive optimal
care. At the same time, it is encouraging to find that there was
no impact of patient demographic or socioeconomic status on
patient care. Also, the quality of care was consistent on day
versus night, weekends versus weekdays, and was not im-
pacted by the daily volume of trauma patients.

Patient Demographics
Our findings suggest that elderly were as likely to

receive appropriate care as the young during their inpatient
stay. Age is one of the single most important determinants of
mortality in trauma patients. A few studies have noted less
aggressive management in the elderly trauma patients as well
as those with certain medical diseases.17–19 This has been
attributed to increasing complexity of care along with per-
ceived lack of benefit in this age group leading to decreased
adherence to care processes.18,19 This is despite the fact that
many researchers have shown that aggressively managing the
severely injured elderly improves their outcomes.17 With the
number of elderly trauma patients predicted to rise to approx-
imately 29% of all trauma hospital episodes, it is imperative
to ensure compliance with recommended processes of care in
the elderly.20 We also did not find any association between
gender, race/ethnicity, and household income or insurance

status on compliance with recommended trauma care in this
study. This finding is consistent with our previous study of
lack of ethnic disparities in emergency care of trauma pa-
tients.21 The observed equity in trauma care is in contrast to
management of medical disease such as acute myocardial
infarction, heart failure, and pneumonia where recent studies
have demonstrated that suboptimal care is more likely in
female patients, the elderly, and ethnic minorities.4,18 These
disparities have been attributed to various social and cultural
factors, including language barriers.18 Lack of such dispari-
ties in acute in-patient trauma care is a testament to successful
implementation of trauma systems over the last 3 decades.

Injuries and Injury Severity
Complexity of care can certainly impact the likelihood

of receiving optimal care.18 Prior research in medical diseases
has shown that patients with the most serious conditions are
at a higher risk of receiving suboptimal care and suffer worse
outcomes.18,19 A study of in-patients with acute myocardial
infraction, heart failure, and pneumonia revealed that those
eligible for more processes of care were less likely to receive
all of them.18 Another study by Scott et al.19 revealed de-
creased use of evidenced-based therapies in patients with
multiple comorbid conditions such as diabetes, chronic ob-
structive pulmonary disease, and renal failure. In the case of
trauma, one often encounters a patient with multiple blunt
injuries such as head injuries, an open tibial fracture, and a
complex liver injury. In such scenarios, it is conceivable that
some of the recommended care, such as operative irrigation
and debridement of open tibial fracture, is delegated to a
lower priority and may not be performed in a timely fashion.
However, our analysis suggests that the injured patients who
require ICU care are almost 50% more likely to receive
optimal care than patients who did not require ICU stay even
though ICU patients are likely to have more severe and
complex injuries. There are several possible explanations for
better compliance with recommended care for trauma patients
in an ICU environment. This may be attributable to protocol-
driven care, management by trained intensivists, closer mon-
itoring of patients, and more intense supervision of trainees.22

For example, our trauma center implemented an adult venti-
lator order set in 2007 which may have been a factor in
improving compliance with T-POC in patients on ventilators.
A corollary to better care in the ICU is that patients who did
not need to go to the ICU were less likely to receive optimal
care. Hence, this patient group represents an opportunity for
improving quality of care.

Head Injuries
Our findings suggest that patients with head injuries are

a specific subgroup of trauma patients where increasing
severity of injuries was associated with lower likelihood of
receiving optimal care even when accounting for ICU stay. In
fact, the lowest compliance in this study was observed in
T-POC related to management of head injuries. These pro-
cesses included craniotomy and use of intracranial pressure
monitor in patients with an intracranial bleed and GCS score
�8 and reversal of coagulopathy in patients with a coagu-
lopathy and an intracranial bleed. This may be related to

TABLE 3. Independent Predictors of Compliance With
T-POC: Multivariate Analysis

Predictor OR (95% Confidence Interval)

Blunt traumatic injury 1.49 (1.12–1.20)

AIS injury of the head 0.86 (0.81–0.92)

Glasgow Coma Scale 1.04 (1.02–1.06)

Intensive care unit stay 1.49 (1.22–1.82)

Length of stay (d) 1.02 (1.02–1.03)
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perceived or real futility of care in patients with severe head
injuries, clinical judgment about chances of functional recov-
ery, overall prognosis, and response to initial treatment.
Compliance with guidelines may also be influenced by local
clinical practices. It is possible that neurosurgeons at this
particular trauma center may not be convinced of the utility of
the three intervention measures in this study. For example,
although use of intracranial pressure monitor is recommended
by the Brain Trauma Foundation, there is a lack of scientific
evidence to support this recommendation.23

Trauma Center Characteristics
Little is known about hospital characteristics that may

influence quality of patient care. Previous studies have sug-
gested that patient volume, manpower availability, staff ex-
pertise, provider attitudes, and time of day of admission can
influence patient outcomes. In the current single-center study,
we were encouraged by the findings that the quality of care
was consistent on weekends versus week days, on nights
versus day time, and was not affected by the daily volume of
trauma patients. Again, we believe that this is a testament to
trauma center designation process that ensures availability of
resources 24/7 at Level I trauma centers as well as an
organized team approach composed of surgeons and nurses
with added qualifications, interest, and expertise in the man-
agement of complex issues.

Conceptual Framework for Barrier to Adoption
of Best Practices

Innovation diffusion spans a lag of several years from
the discovery of a new treatment to its adoption in routine
clinical practice.24 Berwick25 identified three clusters of in-
fluence on the diffusion rate of innovations: perception of the
innovation, characteristics of individuals who adopt the
change, and the contextual factors within an organization.
Other factors that may hinder adoption of new guidelines
include lack of awareness or familiarity, clinical disagree-
ment with recommended care, ineffective communication,
and high workload.22 In the case of trauma, several of these
factors may play a role concurrently. First, there is little
consensus on the ideal processes of care most crucial to
improving trauma outcomes. Identifying these processes of
care is important, because clinicians must focus limited
resources on implementation of practices that are most likely
to improve patient outcomes. Second, compliance rates for
these trauma-specific processes of care will also need to be
monitored and communicated to the clinicians. Understand-
ing areas of care, such as neurosurgical interventions that are
a challenge for those adopting a change may identify oppor-
tunities for improvement, provides insight of the organiza-
tional culture of a trauma center and identify methods for
adoption of new care processes. Finally, an understanding of
the barriers to compliance of care in trauma centers will help
us identify the contextual and managerial factors that may
allow quality improvement policies that adapt to local cul-
tures of trauma centers. This article is the first, and a small
step, in our attempts to identify gaps in adoption of best
practices in the care of the injured.

Study Limitations
This study has few limitations that must be acknowl-

edged. It is a retrospective analysis with all its inherent
limitations. The findings reflect the experience of a single
urban institution with its own unique characteristics. Com-
pliance with specific processes was determined based on
retrospective chart review. Therefore, the findings may sim-
ply reflect lack of documentation and not lack of compliance.
However, our analysis suggests that there were specific pa-
tient groups that did not receive recommended care, suggest-
ing that it was more likely lack of care and not lack of
documentation. An important limitation of this study is that
we were not able to determine the reasons for noncompliance.
For example, it may be appropriate to withhold certain
interventions in patients with nonsurvivable injuries or a
terminal preexisting condition. In these clinical scenarios, a
lack of adherence to practice guidelines by clinicians may not
constitute suboptimal care. In addition, this study did not
have enough power to identify which specific clinical pro-
cesses were most important independent determinants of
patient outcomes. Hence, we do not know the clinical signif-
icance of not receiving optimal care on patient outcomes
although a sensitivity analysis in our previous study sug-
gested that each 10% increase in compliance with recom-
mended care reduced mortality by 14%. Finally, this study
only looked at in-patient care. There may be similar quality
issues in prehospital and postdischarge care of trauma
patients.

CONCLUSION
Our study shows that a little over half of recom-

mended care was delivered to trauma patients with mod-
erate to severe injuries who are at highest risk of dying.
Two specific groups of patients at highest risk of receiving
suboptimal care are those with head injuries and those who
do not require ICU stay. Although, the exact estimate of
this deficit in quality of care may be debated due to the
limitations of the study, it is clear that a gap exists between
our knowledge of trauma care and its practice. This gap
represents a significant quality chasm in the care of the
injured which must be addressed. Further research, includ-
ing an in-depth analysis of provider perceptions of recom-
mended care and reasons for noncompliance, is needed to
develop appropriate interventions.
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APPENDIX
TABLE A1. Trauma-Specific Processes of Care

Care Aspect Process of Care Eligible Patients

1 Initial evaluation Head CT scan Blunt mechanism AND GCS score �15 upon initial assessment

2 Initial evaluation CT angiography neck for blunt
cerebrovascular injuries

Blunt mechanism AND any one of the following fractures: Le Forte II or
III facial OR cervical spine OR base of skull

3 Resuscitation PRBC transfusion Hypotensive (SBP �90) upon arrival

4 Resuscitation Blood gas measurement Hypotensive (SBP �90) upon arrival

5 Resuscitation Endotracheal intubation GCS score �8 upon initial assessment

6 Head injuries FFP or PCC Intracranial bleed AND INR �1.5

7 Resuscitation ED thoracotomy Pulse present upon arrival AND died in ED

8 Hemorrhage control Laparotomy in abdominal gunshot wounds Gunshot wound abdomen AND SBP �90 AND any abdominal injury

9 Hemorrhage control Laparotomy in blunt abdominal trauma Blunt mechanism AND SBP �90 AND abdominal AIS score �4

10 Hemorrhage control External pelvic compression (binder,
sheet, other devices) in ED

Pelvic fracture AND SBP �90

11 Hemorrhage control Angioembolization Pelvic fracture AND SBP �90

12 Operative care Preoperative antibiotics Patients undergoing laparotomy

13 Head injuries Craniotomy GCS score �8 AND intracranial bleed on head CT

14 Head injuries Intracranial pressure monitor GCS score �8 AND intracranial bleed on head CT AND endotracheal
intubation

15 Fracture management I&D in operating room Open fracture femur OR tibia

16 Fracture management Intravenous antibiotics Open fracture femur OR tibia

17 Fracture management Definitive fracture fixation Open or closed fracture femur OR tibia AND not in ICU

18 Fracture management Operative pelvic fixation Operative pelvic fracture AND no intracranial bleed AND no acute lung
injury

19 Critical care Initiation of DVT prophylaxis (chemical
or filter)

No Intracranial bleed AND any one of the following: femur fracture, tibia
fracture, intubated

20 Critical care Initiation of nutrition (enteral or TPN) Intubated patients

21 Critical care Low stretch ventilation (�6 mL/kg) ARDS

22 Critical care VAP—specimen obtained before antibiotic
use

Pneumonia AND intubated

23 Injury prevention SBI before discharge from hospital Nondependent drug use

24 Rehabilitation Physical therapy/rehab evaluation Fracture femur OR tibia OR pelvis AND not in ICU

25 Evaluation Abdominal CT scans during hospital stay Patients with blunt injuries to liver, spleen, kidneys managed
nonoperatively

CT, computed tomography; PRBC, packed red blood cells; ED, emergency department; FFC, fresh frozen plasma; PCC, prothrombin complex concentrate; I&D, irrigation and
debridement; DVT, deep venous thrombosis; TPN, total parental nutrition; ARDS, acute respiratory distress syndrome; VAP, ventilator-associated pneumonia; SBI, Alcohol
Screening and Brief Intervention.
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DISCUSSION
Dr. L.D. Britt (Norfolk, Virginia): Dr. Croce, I want to

thank you and the Program Committee for inviting me to be
a discussant on this very important study that could have
broad and highly unfavorable implications.

I want to commend Dr. Rayan and Dr. Shafi, along with
the other authors, for tackling a sensitive but complex prob-
lem with respect to patients receiving the recommended
evidence-based care. I will use my time allotted to me to ask
seven questions and have one commentary.

Question Number 1. Were you able to determine the
associated morbidity and mortality of the core quota patients
who did not receive the recommended care?

Number 2. I recognized the inherent limitations associated
with obtaining data from a chart review; however, were you able
to glean from the medical records if the lack of implementation
of the recommended patient management paradigm was solely
the result of the physician provider not being compliant with his
or her own specialty practice guidelines?

Number 3. What were the legal repercussions resulting
from any deviation in the standard of care?

Number 4. Based on your findings that approximately
50% of the recommended care was delivered to trauma
patients with moderate to severe injuries, what programmatic
or system changes were made as a result?

Number 5. Your findings highlighted that the least
likely to receive optimal care were patients with severe
traumatic injuries. With 25 trauma-specific processes of care
you demonstrated that the highest compliance involved re-
suscitation, (83%) and the lowest neurosurgical intervention
at 17%.

Let me be clear here: Is this an indictment of the neuro-
surgeons at your institutions with respect to those specialists not
adhering to the practice guidelines/algorithms endorsed by their
own specialty association – example, AANS?

Number 6. With your investigation underscoring the
fact that there was no relationship between compliance and
patient demographics and socio-economic status, what are the
possible relationships?

And then, last, the substantial time and effort that we
are all putting into evidence-based practice and compara-
tive effectiveness research, this study certainly dampens
the enthusiasm for decision making and practice manage-
ment-based evidence. However, this is a single institution
experience. Will you share with the audience how you
justify these findings actually being generalizable? Doesn’t
this reflect just a local problem?

My comments and then I’m done. The Rand Corpora-
tion reported several years ago that with respect to simple
measures, Americans receive only half of the recommended
medical care.

The Institute of Medicine also reported that 90 million
adults – there are only 315 million people in this country – have
trouble understanding and acting on health information. While
distressing, I can understand the genesis of such findings based
on less than optimal health literacy. However, the findings of this
study are the most egregious and shocking.

Again, I want to thank the authors for unveiling some-
thing that has been strongly suspected. I encourage them to
expand this project and apply a more prospective, random-
ized analysis to their study design.

And I want to thank the Association for the privilege of
the floor.

Dr. Steven R. Shackford (San Diego, California):
That was a nice presentation. I would caution you, though, to
be a little less strident in your commentary about quality gaps
without knowing what the difference between outcomes were
in the compliant and non-compliant groups. In other words,
you need to compare outcomes in the patients that were fully
compliant with guidelines to the TRISS calculated observed
and expected outcomes and do the same for your non-
compliant group. Another point I want to make is that several
years ago Fred Rogers and I looked at our compliance with
VTE guidelines from the American College of Chest Physi-
cians on a surgical service. In 8,000 patients, we found that
our compliance with the ACCP guidelines for thrombopro-
phylaxis in surgery patients was the highest in reported
literature, around 83%. This was published in Surgery. De-
spite this compliance our VTE rate went up. Understand that
these practice guidelines are, for the most part, supported by
Level II evidence. They are, many times, developed using the
Delphi technique.

In short, the most important thing that you can show us
is that outcomes were better in the fully compliant group
compared to the group that was not compliant. Process
improvement is about better outcomes, not about compliance
with process.

Dr. John R. Clarke (Philadelphia, Pennsylvania): I
think this is another wakeup to what Dr. Britt reported. The
Rand Corporation indicates that across the country we only
“practice what we preach” about 50% of the time.

You noted that there was a decrease in compliance with
increased complexity and I wonder if you looked at a very
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simple relationship, which is the percentage of compliance as
a function of the number of guidelines for which the patient
was eligible.

Nadine Rayan, MHA (Dallas, Texas): First of all I
want to thank Dr. Britt for his discussion and insightful
questions.

I don’t know if I can address all of these in the time I’ve
been allocated but will make my best attempt. I would also
like to thank those in the audience who asked questions. I also
want to clarify that I am not actually a doctor, but have my
masters in health administration.

Our results with compliance rates for all recommended
processes of care were consistent with what was found in the
literature. For example, we reviewed a study by McGynn and
her colleagues which looked at 30 acute and chronic condi-
tions. Only 55 percent of the recommended care was deliv-
ered to patients. This wasn’t a trauma study and the results
were demonstrated in patients with other chronic conditions
but we believe that this may be an issue across the board.

Dr. Britt and the other discussants make a good point
that processes may not always be directly related to out-
comes. However, our study was not designed to look at
outcomes. To Dr. Britt’s point, we do believe that in a
randomized, controlled trial one could determine which pro-
cesses would impact patient outcomes.

We are also aware that non-adherence to practice
guidelines does not necessarily indicate that care was sub-
optimal. For example, it may be appropriate to withhold

certain interventions from patients with non-survivable inju-
ries or a terminal pre-existing condition. The retrospective
nature of the study does not allow us to identify reasons for
non-compliance. Dr. Britt also asked if this was an indictment
against our neurosurgeons. No, this was not meant to speak
against any surgeons at our institute. It is important to note
that increased complexity of care associated with severely
injured patients, such as those with head injuries, may result
in lower compliance. It is hard to address all processes of care
to those more severely injured.

Dr. Clarke asked if we compared compliance rates with
the number of processes for which that patient was eligible
and we did look at this. We conducted a univariate analysis,
our initial analysis, and saw a relationship in compliance and
the number of processes for which each patient was eligible.
The more processes one was eligible for, the least likely they
were to receive care. And this was consistent with the
literature we reviewed as well.

However, we did not analyze this in our multivariate
analysis, because the approach used in multivariate regres-
sion models accounts for clustering of processes by patients.
However, we believe, a simple count of number of processes
a patient is eligible for may not be the best measure of
complexity of care. There were also many other indicators of
patient severity we looked at. We made this decision with the
help of our biostatisticians, who I know would be able to
articulate the rationale better than I would.

Thank you all very much.

J Trauma
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Compliance with Recommended Care at Trauma
Centers: Association with Patient Outcomes
Shahid Shafi, MD, MPH, FACS, Sunni A Barnes, PhD, Nadine Rayan, MHA, Rustam Kudyakov, MD,
Michael Foreman, MD, FACS, H Gil Cryer, MD, PhD, FACS, Hasan B Alam, MD, FACS,
William Hoff, MD, FACS, John Holcomb, MD, FACS
BACKGROUND: State health departments and the American College of Surgeons focus on the availability of
optimal resources to designate hospitals as trauma centers, with little emphasis on actual
delivery of care. There is no systematic information on clinical practices at designated trauma
centers. The objective of this study was to measure compliance with 22 commonly recom-
mended clinical practices at trauma centers and its association with in-hospital mortality.

STUDY DESIGN: This retrospective observational study was conducted at 5 Level I trauma centers across the
country. Participants were adult patients with moderate to severe injuries (n ¼ 3,867).
The association between compliance with 22 commonly recommended clinical practices
and in-hospital mortality was measured after adjusting for patient demographics and
injuries and their severity.

RESULTS: Compliance with individual clinical practices ranged from as low as 12% to as high as 94%.
After adjusting for patient demographics and injury severity, each 10% increase in compli-
ance with recommended care was associated with a 14% reduction in the risk of death.
Patients who received all recommended care were 58% less likely to die (odds ratio ¼
0.42; 95% CI, 0.28e0.62) compared with those who did not.

CONCLUSIONS: Compliance with commonly recommended clinical practices remains suboptimal at desig-
nated trauma centers. Improved adoption of these practices can reduce mortality. (J Am
Coll Surg 2014;219:189e198. � 2014 by the American College of Surgeons)
Trauma center designation criteria used by state health de-
partments and the American College of Surgeons focus on
ensuring availability of specific resources to care for the
injured. This approach has been successful, as patients
treated at designated trauma centers are more likely to sur-
vive than are those treated at nondesignated hospitals.1,2
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However, the Trauma Quality Improvement Program
has shown that risk-adjusted mortality rates vary across
designated trauma centers; some achieve considerably bet-
ter (or worse) outcomes than others.3-6 The reasons for
these variations, despite adequate resource availability,
are unclear. Donabedian principles for quality improve-
ment suggest that, besides patient characteristics, institu-
tional structures and clinical practices determine patient
outcomes.7 Variability in risk-adjusted patient outcomes,
despite availability of optimal resources, suggests that out-
comes variations might be related to differences in clinical
practices. Currently, trauma center designation criteria do
not require compliance with specific practices.
Variations in clinical practices across trauma centers,

such as nonoperative management of solid-organ injuries
and prophylaxis against venous thromboembolism, are
well known.8-11 Professional societies and research consor-
tia have developed trauma-specific management guide-
lines and recommendations, but their adoption appears
inadequate.12 Increased compliance with guidelines has
been shown to improve patient outcomes in other clinical
scenarios, such as the use of b-blockers in acute MI.13

There is no systematic information on compliance with
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recommended care at designated trauma centers. The
hypothesis for this study was that compliance with
commonly recommended practices at trauma centers is
suboptimal, with adverse impacts on in-hospital mortality
and length of stay (LOS).

METHODS
A retrospective multicenter study of a sample of patients
from 5 Level I trauma centers was undertaken for 3 years
at Center A (January 1, 2006 through December 31,
2008) and 2 years at Centers B, C, D, and E (January
1, 2009 through December 31, 2010). Findings from
Center A only have been published previously.14

Selection of common clinical practices

The study focused on the following common injuries:
traumatic brain injuries, hemorrhagic shock, pelvic frac-
tures, and long-bone extremity fractures. We reviewed
practice management guidelines developed by the Amer-
ican College of Surgeons, the Eastern Association for the
Surgery of Trauma, Society of Critical Care Medicine,
Glue Grant, Brain Trauma Foundation, and the Surgical
Care Improvement Project.15-20 From these, several clin-
ical practices that are measurable and can affect outcomes
were selected using a 2-step approach used by the Centers
for Medicare & Medicaid Services and the Centers for
Disease Control and Prevention for developing Surgical
Infection Prevention guidelines in 2002.21 In the first
step, a single investigator (SS) reviewed the guidelines
and selected several processes for this study encompassing
all aspects of trauma care, including initial evaluation,
resuscitation, operative care, critical care, rehabilitation,
and injury prevention. In the second step, the rest of
the investigators reviewed those processes and developed
the final list of 22 processes by consensus (Table 1).

Patient selection

Inclusion criteria were age 16 years or older and moderate
to severe injuries, defined as �1 injury (Abbreviated
Injury Scale �3) to head, neck, face, thorax, abdomen,
spine, or extremities for blunt mechanism and to neck,
thorax, or abdomen for penetrating mechanism.
Exclusion criteria included time from injury to arrival

in emergency department of �1 day; burns, poisoning,
drowning, hanging, submersion, or asphyxiation; gunshot
wounds to the head; and dead on arrival in emergency
department.
A total of 9,633 patients met inclusion and exclusion

criteria. Using simple random selection, stratified by cen-
ters, 1,000 patients were obtained from Center A (total
eligible 2,242), 757 from Center B (total eligible
3,876), 756 from Center C (total eligible 1,884), and
760 from Center D (total eligible 1,037). At Center E,
594 patients were eligible, and all were included in the
study. The final study population was 3,867 patients.

Data sources

Patient data were obtained from 3 sources.

Trauma registry

Trauma registry data were obtained from each center as
well as the National Trauma Data Bank to extract the
following22: demographics, including age, sex, race/
ethnicity, insurance; mechanism of injury; anatomic
description of injuries using ICD-9 and Abbreviated
Injury Scale; injury severity using Glasgow Coma Scale
on presentation, Injury Severity Score (ISS), systolic
blood pressure on presentation, Abbreviated Injury Scale
codes; procedures; and outcomes, including in-hospital
mortality and hospital LOS.
These data were used to determine patient eligibility,

develop risk-adjustment models using Trauma Quality
Improvement Program methodology,4,23 and identify
patient eligibility for specific clinical processes. We devel-
oped and pretested a software algorithm to identify
patients eligible for specific processes based on their
injuries. A second programmer validated this algorithm
independently.

Medical records

Medical records of patients eligible for each process were
reviewed to determine if they actually received the care.
Trained abstractors collected data using a standardized
pretested tool.

Compliance with clinical processes

For each patient, a compliance score was calculated based
on the opportunity model used by the Centers for Medi-
care & Medicaid Services for reporting compliance with
their core measures.24 For example, if a patient was
eligible for 10 clinical processes and received 8, the
compliance score was 80. Similarly, if a patient was
eligible for 6 processes and received all 6, the compliance
score was 100.

Statistical analysis

All analyses were conducted using SAS software (version
9.3, SAS Institute), with p � 0.05 considered statistically
significant.

Risk-adjustment methodology

Generalized estimating equations methods using the
GENMOD procedure in SAS were used to build models
that accounted for clustering of patients within the same



Table 1. Selected Clinical Practices, Patient Eligibility, and Compliance

Clinical practices Eligibility

Eligible
patients, n
(% of 3,867)

Compliance,
n

(% of eligible) Compliance
95% CIn % n %

Head CT scan in suspected blunt traumatic
brain injury

Blunt mechanism AND Glasgow Coma
Scale <15 on arrival

1,203 31 1,063 88 86.86e90.45

CT angiography of neck for blunt
cerebrovascular injuries

Blunt mechanism AND any 1 of the
following fractures: Le Forte II or III
facial OR cervical spine OR vase of skull

1,158 30 448 39 35.94e41.57

Resuscitation using blood Hypotensive (systolic blood pressure
�90 mmHg) on arrival

281 7 186 66 60.63e71.76

Shock assessment using blood gas
measurement

Hypotensive (systolic blood pressure
�90 mmHg) on arrival

281 7 189 67 61.98e73.02

Endotracheal intubation Glasgow Coma Scale �8 on initial
assessment

497 13 468 94 92.10e96.23

Correction of coagulopathy using fresh
frozen plasma or prothrombin complex
concentrate Intracranial bleed AND INR �1.5 155 4 118 76 69.34e82.92

Emergency department thoracotomy Pulse present on arrival AND died in
emergency department

24 1 3 13 0e26.77

Laparotomy in abdominal gunshot wounds Gunshot wound abdomen AND systolic
blood pressure �90 mmHg AND any
abdominal injury

21 1 19 90 76.78e100

Laparotomy in blunt abdominal trauma Blunt mechanism AND systolic blood
pressure �90 mmHg AND abdominal
Abbreviated Injury Scale �4

44 1 27 61 49.17e79.40

External pelvic compression in emergency
department (binder, sheet, other devices)

Pelvic fracture AND systolic blood pressure
�90 mmHg

65 2 9 14 5.22e22.47

Angioembolization for hemorrhage control
in pelvic fractures

Pelvic fracture AND systolic blood pressure
�90 mmHg

61 2 13 21 10.01e29.99

Preoperative antibiotics before laparotomy Patients undergoing laparotomy 257 7 193 75 70.08e80.70

Craniotomy in severe traumatic brain
injuries

Glasgow Coma Scale �8 AND intracranial
bleed on head CT

326 8 66 20 15.86e24.63

Intracranial pressure monitoring in severe
traumatic brain injuries

Glasgow Coma Scale �8 AND intracranial
bleed on head CT AND endotracheal
intubation

257 7 100 39 32.91e44.91

Irrigation and debridement of open fractures
in operating room Open fracture femur OR tibia 175 5 158 90 85.85e94.72

Intravenous antibiotics in open fractures Open fracture femur OR tibia 178 5 167 94 90.25e97.39

Definitive fracture fixation Open or closed fracture femur OR tibia
AND not in ICU

740 19 674 91 89.29e93.36

Operative pelvic fixation Pelvic fracture AND no intracranial bleed
AND no acute lung injury

430 11 166 39 36.65e46.35

Initiation of prophylaxis against venous
thromboembolism by day 3 (chemical or
filter)

No intracranial bleed AND survived 3 or
more days AND any 1 of the following:
femur fracture, tibia fracture, intubated

1,174 30 940 80 77.85e82.42

Initiation of nutrition by day 3 (enteral or
parenteral)

Intubated patients AND survived 3 or more
days

831 21 657 79 76.29e81.07

Physical therapy and rehabilitation
evaluation before discharge

Fracture femur OR tibia OR pelvis, AND
not in ICU AND discharged alive from
the hospital

969 25 791 82 79.19e84.07

Abdominal CT scan for evaluation of blunt
abdominal trauma

Patients with blunt injuries to liver, spleen,
kidneys, AND nonoperative management

393 10 332 84 80.88e88.07
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trauma center by controlling for the facility as a random
effect, and assumed a binomial distribution for mortality
and a negative binomial distribution for LOS. The pre-
dictors were based on our earlier work and Trauma
Quality Improvement Program methodology.4,25 These
included age; sex; race/ethnicity; insurance status; mecha-
nism of injury; presence of injuries to the head, chest, or
abdomen; injury severity (measured using ISS, the Glas-
gow Coma Scale, and first systolic blood pressure on
arrival); need for ICU; and ventilator use. Patients who
died during hospitalization were excluded from the
LOS models.

Identifying clinical processes associated with
outcomes

After development of the risk-adjustment model for out-
comes, compliance with each process (in binary format)
was forced into the models to assess its risk-adjusted asso-
ciation with the respective outcomes. This design ensured
that only patients eligible for each process were included
in the analysis for that specific process. The association of
compliance with each clinical process on outcomes is re-
ported as adjusted odds ratio (OR) for in-hospital mortal-
ity and percent change in LOS, along with 95% CIs.

Measuring the association between compliance
score and outcomes

Two approaches were used to measure the association
between compliance with recommended practices and
Table 2. Patient Demographics, Injuries, Injury Severity, and U

Variable
All patients
(n ¼ 3,867)

Center A
(n ¼ 1,000)

Age, y, median (IQR) 47 (29e69) 41 (27e60)

Male sex, % 65 65

Blunt mechanism of injury, % 94 88

Minority ethnicity, % 31 47

Uninsured (including Medicaid), % 31 54

Injury Severity Score, median (IQR) 14 (9e24) 16 (10e24)

Hypotensive on arrival (systolic
blood pressure �90 mmHg), % 9 12

Glasgow Coma Scale at
presentation �8, % 21 18

Abdominal injury, % 23 28

Head injury, % 52 49

Chest injury, % 37 46

Mortality rate (crude), % 9 12

Length of stay, d, median (IQR) 6 (4e11) 5 (3e9)

ICU use, % 48 50

Compliance score, median (IQR) 83 (50e100) 67 (33e100)

Proportions for categorical variables; medians with interquartile range for conti
IQR, interquartile range.
patient outcomes. First, compliance scores were included
as a continuous variable in the risk-adjustment model for
each of the outcomes. Second, compliance scores were
used to create a new binary variable. Compliance scores
of 100 indicated optimal care; compliance scores <100
indicated suboptimal care. This binary variable was
then included in the model for mortality as one of the
outcomes.
Measuring the potential improvement in mortality
expected with full compliance or optimal care

The recycled prediction method was used to estimate the
marginal impact of compliance on mortality.26 Parameter
estimates from the model described here (using a binary
variable for optimal care) were used to estimate the
expected mortality rate among the study population,
assuming all patients received optimal care, and
compared with the expected mortality rate, assuming
none of the patients received optimal care. The difference
between the 2 expected mortality rates was used to esti-
mate the marginal effect of optimal care on mortality.
RESULTS

Study population

The study population was typical for Level I trauma cen-
ters (median age 47 years; 65% male; 94% blunt mecha-
nism of injury; Table 2). These patients had a median ISS
nadjusted Outcomes

Center B
(n ¼ 757)

Center C
(n ¼ 756)

Center D
(n ¼ 760)

Center E
(n ¼ 594)

41 (26e58) 62 (39e81) 58 (34e80) 42 (27e58)

71 56 60 73

95 98 97 95

40 16 5 43

37 14 5 34

17 (9e25) 14 (9e22) 17 (10e25) 9 (9e17)

11 8 3 9

23 18 29 16

24 12 24 25

43 48 65 55

40 22 31 44

9 9 4 9

8 (4e15) 6 (4e10) 6 (4e9) 8 (4e16)

50 28 53 57

73 (50e100) 100 (50e100) 100 (67e100) 100 (67e100)

nuous variables.
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of 14, and 24% had an ISS >24. A total of 334 patients
died during hospitalization (crude mortality rate 8.6%).
Compliance with clinical processes

There were 3,292 patients eligible for �1 of the 22 clin-
ical processes. Overall, median compliance score was 83
(interquartile range 50 to 100), indicating that half of
the patients received <83% of the recommended care,
and a quarter of the patients received <50% of the rec-
ommended care. Compliance also varied among the 5
centers (median compliance scores 67 to 100). Compli-
ance with each individual process ranged from 13% for
thoracotomy in emergency department to 94% for endo-
tracheal intubation (Table 1, Fig. 1).
Relationship between compliance with
recommended practices and mortality

Excluding rehabilitation-related processes when consid-
ering the result of death, 3,286 patients were eligible
for �1 process; of these, 333 died. Crude odds of deaths
associated with compliance score (grouped in deciles) was
0.89 (95% CI, 0.85e0.94), indicating a slightly more
than 10% reduction in the risk of death associated with
each 10% increase in compliance score. After adjusting
for patient demographics and injury severity, the odds
of death associated with compliance score remained statis-
tically significant at 0.86 (95% CI, 0.82e0.90),
Figure 1. Compliance with processes of care: ra
deep venous thrombosis; ED, emergency departm
and drainage; PCC, prothrombin complex concentr
nutrition.
indicating a 14% reduction in the risk of death associated
with each 10% compliance score increase (Fig. 2).
Among 1,633 patients in the optimal care group, there

were 54 deaths (crude mortality rate 3.3%). In the 1,653
patients in the suboptimal care group, there were 279
deaths (crude mortality rate 16.9%). The risk-adjusted
OR of death associated with optimal care was 0.42
(95% CI, 0.28e0.62), indicating that 100% compliance
was associated with a 58% reduction in mortality after
accounting for patient differences. However, this protec-
tive effect can be spurious if patients in the optimal care
group were also less severely injured than those in the
suboptimal care group, if limited care was provided to pa-
tients with potentially nonsurvivable injuries, or if there
were patient/family wishes for limiting care.
We used 3 approaches to minimize this effect. First, we

excluded patients with the highest risks of death and
measured the association between compliance score and
mortality in the remaining lower-risk patients using 3
different thresholds (Fig. 2). Excluding patients with a
risk of death >75%, there were 2,613 patients and 211
deaths (crude mortality rate 8.1%). In this group, the
odds of death associated with compliance score remained
unchanged (OR ¼ 0.86; 95% CI, 0.82e0.91). Next, we
excluded patients with a risk of death >50%. In the
remaining 2,567 patients with 153 deaths (crude mortal-
ity rate 5.9%), the odds of death associated with compli-
ance score were 0.88 (95% CI, 0.83e0.93). Finally, we
tes with 95% CI. CTA, CT angiography; DVT,
ent; FFP, fresh frozen plasma; I&D, incision
ate; PRBC, packed RBC; TPN, total parenteral



Figure 2. Relationship between compliance with processes of care and risk of death.
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excluded patients in the top decile of likelihood of death.
In the remaining 2,511 patients with 109 deaths (crude
mortality rate 4.3%), the odds of death associated with
compliance score were 0.89 (95% CI, 0.82e0.97), sug-
gesting a persistent protective effect among the least-
injured patients.
In the second approach, we estimated compliance pro-

pensity based on patient demographics and injury charac-
teristics. Patients were then divided into quartiles by their
compliance propensity. Within each quartile, we measured
the association between observed compliance score and the
risk of death. This analysis showed a persistent protective
effect of compliance among patients in the highest
(OR ¼ 0.82; 95% CI, 0.78e0.87) and lowest quartiles
(OR¼ 0.86; 95% CI, 0.78e0.96) of propensity of compli-
ance, but not in the middle 2 quartiles (OR ¼ 0.98; 95%
CI, 0.89e1.08 and OR ¼ 1.04; 95% CI, 0.93e1.16).
In the third approach, we calculated expected survival

probability for each patient using TRISS methodology.27

The observed-to-expected mortality ratio was 0.49 in the
optimal care group and 0.89 in the suboptimal care
group. The lower ratio in the optimal care group indi-
cates that, after accounting for injury severity using
TRISS methodology, patients receiving all indicated
care were less likely to die than those who did not.
Relationship between compliance score and length
of stay

After adjusting for patient characteristics, each 10%
increase in compliance score was associated with a small
but statistically significant increase in hospital LOS
(4.1%; 95% CI, 3.2e5.1).
Relationship between individual clinical processes
and patient outcomes

The analysis showed that compliance with 11 processes
was associated with a reduction in the risk of mortality,
and none was associated with an increased risk of death.
Diagnostic interventions associated with reduced mortal-
ity included (Fig. 3) head CT scan in patients with blunt
traumatic brain injury; shock assessment using arterial
blood gas in hypotensive patients; and abdominal CT
scan in patients with severe blunt abdominal injuries
managed nonoperatively.
Therapeutic interventions associated with reduced

mortality included correction of coagulopathy in patients
with traumatic brain injuries; laparotomy in hypotensive
patients with blunt abdominal injuries; preoperative anti-
biotics in patients undergoing laparotomy; IV antibiotics
in patients with open long-bone fractures; definitive fixa-
tion of long-bone fractures; pelvic fracture fixation;
venous thromboembolism prophylaxis in high-risk
patients; and nutrition in intubated patients.
Similarly, compliance with 11 processes was associated

with increased hospital LOS; 1 process was associated
with decreased LOS (Fig. 4).
Potential reduction in mortality with optimal care

The recycled prediction analysis showed that the expected
mortality rate in the entire study population of 3,286
patients with optimal care would be 6.7% (expected num-
ber of deaths ¼ 220) and the expected mortality rate with
suboptimal care would be 11.3% (expected number of
deaths ¼ 371). This 41% reduction would translate into
151 fewer deaths associated with optimal care.



Figure 3. Risk-adjusted association between individual clinical practices and in-hospital mor-
tality (all patients). No point estimates or confidence intervals appear for emergency department
thoracotomy because all 24 patients who were eligible for this process died. No point estimates
or confidence intervals appear for laparotomy gunshot wound (GSW) abdomen because only 2 of
20 eligible patients did not comply with the process. Values for Rehab Evaluation exclude pa-
tients who died during their hospital stay. CTA, CT angiography; DVT, deep venous thrombosis;
ED, emergency department; FFP, fresh frozen plasma; Fx, fraction; I&D, incision and drainage;
OR, operating room; PCC, prothrombin complex concentrate; PRBC, packed RBC.
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DISCUSSION
There are 3 key findings from this study. First, the adop-
tion of recommended practices at trauma centers remains
suboptimal, with a median compliance of 83%. Second,
improved compliance was associated with reduced mor-
tality, and this finding was consistent across multiple
methodological approaches used in this study. Third, a
few specific processes can serve as trauma-specific core
measures for quality improvement.
This multicenter study showed a considerable gap

between knowledge and practices at trauma centers and
is consistent with research of other diseases. Studying
several acute and chronic conditions, McGlynn and col-
leagues28 showed that patients, on average, received about



Figure 4. Risk-adjusted association between individual clinical practices and length of stay.
Excluding patients who died during their hospital stay. No point estimates or confidence intervals
appear for emergency department (ED) thoracotomy because all 24 patients who were eligible
for this process died. CTA, CT angiography; DVT, deep venous thrombosis; ED, emergency
department; FFP, fresh frozen plasma; Fx, fraction; GSW, gunshot wound; I&D, incision and
drainage; OR, operating room; PCC, prothrombin complex concentrate; PRBC, packed RBC.
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half of the indicated care. Similarly, a study of patients
with acute MI showed that less than half of eligible pa-
tients received thrombolytic therapy and b-blockers;
only a quarter received advice on smoking cessation.29
In another study, minimally invasive technique for breast
biopsy was used in only about two thirds of the patients,
despite recommendations by multiple expert consensus
panels.30 In a recent survey of 54 Level I and II trauma
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centers, half reported adopting �14 of 32 recommended
guidelines.12 During the last 3 decades, the focus of the
trauma systems development by the American College
of Surgeons and state health departments has been on
ensuring availability of optimal resources using the
trauma center designation process. Our findings suggest
that there is now a need to focus on delivery of optimal
care.
The reasons for suboptimal adoption of recommended

care at trauma centers have not been studied, but this
phenomenon is not unique to trauma.31,32 Barriers to
adoption include lack of consensus on best practices,
lack of awareness, institutional culture, clinical disagree-
ment with recommended care, ineffective communica-
tion, and high workload.33 Importantly, this study
identified several specific processes associated with
reduced mortality. These processes, if validated in an
appropriately designed study, could be adopted as
“Trauma Core Measures.” Our findings suggest that
nationwide compliance with these clinical processes could
save several thousand lives.
An interesting finding of this study was that optimal

care was associated with increased LOS. This is contrary
to the prevailing belief that improved quality of care
reduces resource use. However, in trauma, it is plausible
that improved care quality leads to salvage of severely
injured patients who then require prolonged hospitaliza-
tion. This finding has substantial cost implications, as
increased LOS leads to increased costs. Additional anal-
ysis is needed to measure other important outcomes,
such as functional status and quality of life among the
survivors.
This study has a few limitations. First, this is a retro-

spective analysis with its inherent limitations. Specifically,
compliance was determined based on chart review. Lack
of compliance might simply reflect lack of documenta-
tion. Also, reasons for noncompliance could not be ascer-
tained. Several factors, such as patient/family preferences,
can affect the ability to comply with recommended care.
Second, the study is limited to only 5 Level I trauma cen-
ters. However, these centers serve a large, diverse popula-
tion, with a substantial rural/urban, geographic, ethnic,
and socioeconomic mix. Third, the sample size was inad-
equate to study the association between certain processes
of care and outcomes. Fourth, it is possible that none of
the 22 processes was causally associated with improved
outcomes, and compliance with them is simply an indica-
tor of a high-quality trauma center. The findings of this
study do not validate specific interventions. Lastly, other
outcomes, such as costs, complications, and functional
status, might be more appropriate in certain scenarios,
but were not included in this analysis.
CONCLUSIONS
Our findings suggest suboptimal compliance with several
commonly recommended clinical processes at designated
trauma centers. Improved adoption of some of these prac-
tices might be associated with a reduction in mortality
but can increase LOS. Additional studies should identify
specific practices that should constitute core measures in
trauma. Finally, advancement in trauma quality improve-
ment requires a shift from provision of optimal resources
to provision of optimal care.
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X Chromosome-Linked IRAK-1 Polymorphism Is a Strong
Predictor of Multiple Organ Failure and Mortality Postinjury

Jason L. Sperry, MD, MPH, Samuel Zolin, BS, Brian S. Zuckerbraun, MD, Yoram Vodovotz, PhD,
Rami Namas, MD, Matthew D. Neal, MD, Robert E. Ferrell, PhD, Matthew R. Rosengart, MD, MPH,

Andrew B. Peitzman, MD, and Timothy R. Billiar, MD

Objective(s): Clinical research characterizing the mechanisms responsible
for sex-based outcome differences postinjury remain conflicting. We sought
to characterize an X chromosome-linked IRAK-1 (IL-1 receptor-associated
kinase) polymorphism as an alternative mechanism responsible for sex differ-
ences postinjury. IRAK-1 is key intermediate in the toll-like receptor (TLR)
pathway thought to drive inflammation postinjury.
Methods: A prospective cohort study was performed over a 24-month period.
Bluntly injured patients requiring intensive care unit admission were enrolled,
whereas patients with isolated brain and spinal cord injuries were excluded.
Outcomes of interest included multiple organ failure (MOF, Marshall MOD
score > 5) and mortality. Logistic regression was utilized to determine the
independent risk of poor outcome associated with the IRAK-1 variant after
controlling for important differences.
Results: In an enrolled cohort of 321 patients, the IRAK-1 variant was com-
mon (12.5%). Patients with and without the variant were similar in age, injury
severity, and 24hr blood transfusion. After controlling for important con-
founders, the IRAK1 variant was independently associated with more than
eightfold (OR = 8.4, P = 0.005, 95% CI: 1.9–37.1) and 11-fold (OR = 11.8,
P = 0.037, 95% CI: 1.1–121) greater risk of MOF and mortality, respectively.
These differences were most prominent in men, whereas women heterozygous
for the variant demonstrated worse outcome in a dose-dependent fashion.
Conclusions: The IRAK1 polymorphism is a strong independent predictor of
MOF and mortality postinjury and represents a common variant with prog-
nostic potential. These data demonstrate the importance of TLR signaling
postinjury and supports that a genetic mechanism may drive sex outcome
differences postinjury.

(Ann Surg 2014;260:698–705)

A lthough significant advances in the care of the injured patient
have occurred over the last decade, those who survive their initial

injury continue to be plagued with the development of coagulopathy,
multiple organ failure (MOF), nosocomial infection (NI), and their
attributable morbid effects.1–6 A persistent finding has been that men
and women respond differently after traumatic injury with significant
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protection afforded to the female sex.7,8 Controversy exists regarding
the clinical explanation and underlying mechanisms responsible for
this female protective effect.7,9,10

A large body of laboratory evidence suggests that a sex-
hormone–based mechanism (estrogen being protective) is responsible
for these postinjury differences.8,11–14 In prior work, our group has
shown that the protective effect afforded to women following severe
injury is independent of age and the hormonal status of the female,
suggesting other mechanisms may be involved clinically.7,15 Men and
women also are different genetically, primarily due to the method of
inheritance of, and the genes which reside on, the X chromosome.
Secondary to the known mosaic expression of the X chromosome,
women would be less affected by unfavorable X chromosome-linked
genetic variants.16 Importantly, increasing evidence also has demon-
strated that the Toll-like receptor (TLR) signaling cascade plays an es-
sential role in the early activation of the innate immune response after
traumatic injury.17–24 The IL-1 receptor-associated kinase (IRAK-1)
is a protein constituent member of the TLR signaling cascade, which
resides on the X chromosome and has been demonstrated to have 2
haplotypes. The IRAK-1 variant haplotype has been demonstrated
to be relatively common and associated with worse outcome in sep-
tic patients, thought to be secondary to an excessive innate immune
response brought about by upregulated NF-κB signaling.25–27 No
evidence currently exists regarding the significance of this TLR path-
way variant, which resides on the X chromosome on pertinent out-
comes after traumatic injury. We sought to characterize the IRAK-1
variant as an alternative mechanism responsible for sex-based out-
come differences postinjury. We hypothesized that the IRAK-1 vari-
ant would be common and independently associated with poor clinical
outcome after traumatic injury.

METHODS
A prospective observational cohort study was performed over

a 24-month time period (2011–2012) with the overarching goal to fur-
ther characterize the mechanisms responsible for sex (male vs female)
based outcome differences after traumatic injury. Inclusion criteria for
the study included blunt injured patients older than 17 years requiring
ICU (intensive care unit) admission. Patients older than 90 years, with
isolated traumatic brain injury, preexisting immune-suppression, or
those with an anticipated survival of less than 24 hours were ex-
cluded from enrollment. Blood samples were obtained within 6 hours
of injury for serial cytokine measurements, coagulation assessment
[international normalized ratio (INR), thromboelastography (TEG)
analysis], and DNA isolation and haplotype discrimination. Clini-
cal outcomes assessed included the development of MOF, NI, and
mortality.

The IRAK-1 variant haplotype was determined by genotyping
the single nucleotide polymorphism on the X chromosome where
a T→ C substitution [rs1059703] at position 1595 in exon12 re-
sults in a nonsynonymous mutation (532, L→ S). Probe and primer
combinations were designed for genotyping this polymorphism and
polymerase chain reaction (PCR) was performed using an Applied
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Biosystems 7300 Real-Time PCR system using methods previously
described.25,27 Allelic discrimination was verified by direct DNA se-
quencing of a small subgroup of patients of each haplotype (men and
women: wild-type, variant, and heterozygous, respectively) to assure
the PCR-based assay was sufficiently accurate.

MOF was evaluated using the well-validated Marshall Mul-
tiple Organ Dysfunction Score.5,28,29 A Marshall Multiple Organ
Dysfunction Score of more than 5 beyond 48 hours of injury and
ICU admission was classified as MOF. Primary infectious outcomes
of interest include ventilator-associated pneumonia, blood stream in-
fection (excluding those associated with an intra-abdominal abscess),
and urinary tract infections.30 These were selected in attempts to use
those infectious outcomes that can be used as a marker for the degree
of relative immune suppression. The development of these NIs was
based on positive culture evidence.

Blood samples were serially obtained at 6 hours, 24 hours, and
72 hours of injury, and serum was separated and frozen at −80◦C
until assayed for cytokine analysis. Cytokine expression including
IL-1, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-10, IL-12, IL-15, IFN-α,
and IFN-γ were measured from patients’ serum using a Luminex
100 IS System and commercially available human specific beadsets.
Thromboelastography (TEG) was performed within the first 6 hours
of injury and at 24 hours using on a TEG 5000 Thromboelastograph
Hemostasis Analyzer and standard TEG parameters were recorded
including r value, k time, α angle, maximal amplitude (MA), G value,
and fibrinolysis at 30 minutes (LY30) as previously described.31–35

First, patients with and without the IRAK-1 polymorphism
underwent unadjusted comparison of demographics, injury charac-
teristics, resuscitation and transfusion requirements, and clinical out-
comes. Multivariable logistic regression analysis was then utilized to
determine the independent risks of our clinical outcomes associated
with the IRAK-1 variant. Covariates adjusted for in the regression
model included age, sex (male vs female), race, body mass index
(BMI), injury severity score (ISS), presenting systolic blood pressure
(SBP), presenting Glasgow Coma Score (GCS), intubation status,

presenting coagulopathy (INR > 1.5), 24-hour crystalloid, and blood
component transfusion requirements. Because of the X chromosome
location of the polymorphism, we then characterized the risk of our
clinical outcomes across whether the IRAK-1 variant existed in a
homozygous manner (male-1 variant allele, female -2 variant alle-
les) or heterozygous manner (women—1 variant allele) to determine
if a dose-response relationship existed. Finally, we characterized se-
rial cytokine expression and TEG parameters for patients with and
without the IRAK-1 polymorphism.

All data were summarized as mean ± SD, median (interquartile
range), or percentage (%). Student t test or Mann-Whitney statistical
test was used to compare continuous variables, whereas χ2 test or
Fischer exact test was used for categorical variables. P≤ 0.05 was
considered statistically significant. The institutional review board at
the University of Pittsburgh approved this study.

RESULTS
Over the study time period, 321 patients met inclusion and

exclusion criteria and constituted the study cohort. The overall study
cohort had a mean age of 50 ± 16 years, 70% male, and a median ISS
of 16 [10, 21]. The cohort had an average ICU length of stay of 5.3
± 6 days, and an overall incidence of MOF, NI, and mortality for the
cohort was 8.1%, 27.0%, and 4.4%, respectively. The prevalence of
the IRAK-1 polymorphism across men and women in the study cohort
was 21.5% when heterozygous women (n = 29) were also included.
For the purposes of the principal analyses, only homozygous patients
(men—1 variant allele, women—2 variant alleles) were considered
to have the IRAK-1 variant (12.5%). In the IRAK-1 variant group, 5
patients were female and were homozygous for the variant allele.

When IRAK-1 variant patients were compared with those with
the normal haplotype, patients were similar in demographics, present-
ing vital and GCS, overall injury severity, and 24-hour resuscitation
and transfusion requirements. (Table 1). IRAK-1 patients were more
commonly male and had a significantly higher rate of MOF and mor-
tality in unadjusted comparison.

TABLE 1. Unadjusted Comparison of IRAK-1 Variant and Normal Haplotype Demographics, Injury Characteristics, and
Outcomes

IRAK-1 Variant Normal Haplotype
(n = 40) (n = 281) P

Age (yrs) 47 ± 22 50 ± 19 0.388
Sex (%Male) 87.5% 67.3% 0.009
Race

Caucasian 72.5% 81.5%
African American 7.5% 2.5%
Other/Unknown 20% 16.0% 0.176

ED SBP (mm Hg) 130 ± 25 129 ± 28 0.817
ED GCS 15 [14, 15] 15 [14, 15] 0.645
Injury Severity Score (ISS) 17 [13, 20] 16 [10, 21] 0.442
Intubation status (% yes) 16.7% 11.2% 0.573
Body mass index (BMI) 26.9 ± 4 29.2 ± 7 0.078
ICU days 6.3 ± 7 5.2 ± 6 0.289
Length of stay 12 ± 10 11 ± 9 0.337
24-h crystalloid (cc) 3770 ± 2900 3290 ± 2160 0.249
24-h blood transfusion (cc) 447 ± 820 437 ± 1010 0.956
24-h plasma transfusion (cc) 179 ± 653 218 ± 790 0.786
24-h platelet transfusion (cc) 114 ± 326 70 ± 227 0.328
NI 33.3% 26.1% 0.381
Pneumonia 21.2% 18.3% 0.683
MOF, % 18.2% 5.4% 0.006
Mortality, % 12.5% 3.2% 0.007

ED indicates emergency department.
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Our logistic regression model was an excellent predictor of
mortality with an area under the curve of 0.94 via receiver operating
characteristic curve analysis. The model was also a strong predictor
of MOF and adequate predictor of NI with area under the curve
of 0.90 and 0.70, respectively. After controlling for all important
confounders, the IRAK-1 variant was not a significant independent
risk factor for the development of NI (OR = 1.6, P = 0.315, 95% CI:
0.62–4.3). When both MOF and mortality were analyzed, the IRAK-1
variant was significantly associated with over an eightfold greater
independent odds of MOF (OR = 8.4, P = 0.005, 95% CI: 1.9–37.1)
and over an 11-fold greater independent odds of mortality (OR =
11.8, P = 0.037, 95% CI: 1.1–121) (Fig. 1).

To characterize significance of homozygous or heterozygous
status of the IRAK-1 variant, we first looked at the incidence of
MOF and mortality across the haplotype designation (Table 2). This
unadjusted comparison revealed a dose-response relationship with
heterozygous women having an intermediate incidence of MOF and
mortality relative to the normal haplotype and homozygous IRAK-1
variant. When the haplotype (CT and CC relative to the normal hap-
lotype TT) of the IRAK-1 variant was analyzed concurrently in the
regression model, as compared to the odds of poor outcome asso-
ciated with the normal haplotype, both the heterozygous haplotype
and homozygous IRAK-1 variant were significant independent risk
factors for MOF (P’s 0.012 and 0.003, respectively). Only the ho-
mozygous IRAK-1 variant (CC) remained a significant independent
risk factor for mortality when both variant haplotypes were included
in the model.

FIGURE 1. Forest plot depicting the independent Odds Ratio
for the development of NI, MOF, and mortality associated with
the IRAK-1 variant.

When serial cytokine measurements were characterized, early
IL-6 and IL-10 levels were significantly correlated in a positive di-
rection with the propensity to develop MOF and mortality; however,
there was no significant relationship with serial cytokine expression
and the IRAK-1 variant or IRAK-1 haplotype (TT, CT, CC).

When coagulopathy was further characterized, we first ex-
cluded those patients who presented on oral anticoagulation or an-
tiplatelet medications (n = 91). We then looked the continuous TEG
parameter variables and the extreme quartile (>75th percentile or
< 25th percentile) associated with coagulopathy for each TEG pa-
rameter (r value, k time, α-angle, MA, G value, and LY30). When
these were compared across TEG measurements drawn in the first 6
hours from injury, there were no significant differences found across
those with and without the IRAK-1 variant. When TEG measurements
that were performed at 24 hours out from injury were analyzed, there
were significantly higher k time, α-angle, MA, and G values (P =
0.029, P = 0.021, P = 0.45, P = 0.043, respectively) in those pa-
tients with the IRAK-1 variant. As this represents a potential evolving
coagulopathy over the initial 24 hours postinjury, we verified these
significant differences in a regression model, which also controlled
for differences in demographics, injury severity, and 24-hour resus-
citation and transfusion requirements (age, sex, ISS, 24-hour blood,
plasma, platelet, and crystalloid). After controlling for important dif-
ferences across the groups, the IRAK-1 variant remained significantly
associated in 3 out of the 4 TEG parameters with more than a three-
fold greater independent risk of coagulopathic tendency (α-angle, P
= 0.018; MA, P = 0.047; and G value, P = 0.012, Fig. 2).

DISCUSSION
As few effective interventions exist, which alter the morbidity

and mortality that inherently follows traumatic injury, investigation
into novel mechanisms, which result in a protective effect may provide
a route to reduce these sequelae postinjury. The ultimate elucidation
of the mechanisms responsible for sex-based outcome differences
will provide insight and understanding of novel therapeutic targets,
which have significant potential to improve outcomes in both men
and women postinjury.

TLRs are an evolutionarily conserved family of protein recep-
tors, which are central to NF-κB cellular signaling and the initiation of
the innate immune response to infection.36–38 Accumulating evidence
suggests that TLRs also recognize endogenous ligands that arise from
cellular damage that are unrelated to infection.21–24 Compelling ev-
idence has revealed that the TLR receptor, specifically TLR4, is re-
quired and plays a critical role in the early activation and upregulation
of the innate immune response, the resultant systemic inflammatory
response, and the secondary organ dysfunction, which is known to
complicate and follow traumatic injury.17–20 Concurrently, it is known
that women would potentially be less affected by an unfavorable X
chromosome-linked genetic polymorphism due to the mosaic expres-
sion pattern of the X chromosome, which has been shown in other
disease processes to be protective for women.16,39–41

The results of the current prospective analysis suggest that
an IRAK-1 polymorphism, which is a TLR signaling pathway con-
stituent that also resides on the X chromosome that is known to result
in increased NF-κB cellular signalling, is strongly associated with the

TABLE 2. Unadjusted Rates of MOF and Mortality Across Haplotype of IRAK-1 Gene

Normal Haplotype Variant Haplotype Variant Haplotype
(TT, n = 281) Heterozygous (CT, n = 29) Homozygous (CC, n = 40) P

MOF 4.7% 11.1% 18.2% 0.012
Mortality 2.4% 10.3% 12.5% 0.004
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FIGURE 2. Forest plot depicting the independent odds ratio
for the development of coagulopathic TEG parameters at 24
hours from injury associated with the IRAK-1 variant.

development of MOF and mortality in a prospectively enrolled cohort
of injured patients that required ICU admission. Further confirmation
of the significance of these findings is demonstrated by prevalence of
the polymorphism in a single-center injured population and the dose-
response relationship determined by the haplotype (heterozygous or
homozygous expression) of the IRAK-1 variant. The current results
verify that the IRAK-1 polymorphism represents a common variant
with prognostic potential and demonstrates the importance of TLR
signaling postinjury and further supports that a genetic mechanism
may in part drive sex-based outcome differences postinjury.

These results compliment prior studies demonstrating a detri-
mental association of the IRAK-1 variant in patients with sepsis.25,26

Arcaroli and colleagues studied the same polymorphism to identify
the IRAK-1 variant haplotype and characterized its association with
clinical outcomes in a septic population (n = 155). The IRAK-1
variant was relatively common in this septic population (prevalence
= 21.3%) and was associated with increased nuclear translocation
of NF-κB (synonymous with NF-κB activation), more severe organ
dysfunction, and independently associated with a higher risk of mor-
tality, in this cohort of patients. Similarly, evidence exists that racial
disparities exist in the strength of sex-based outcome differences,
which correlates with the known prevalence of the IRAK-1 variant
across different racial groups.42

Importantly, the current results are not simply an extension of
sex-based outcomes, which have been previously demonstrated af-
ter traumatic injury in multiple studies.7,15,43–51 In the current 321
patient cohort, there were no significant differences in the clinical
outcomes (NI, MOF, or mortality) across male and female sex nor
was sex a significant covariate in any of the regression models. Prior
studies demonstrating sex-based outcome differences postinjury have
utilized larger retrospective and prospective injured populations and
have demonstrated a significantly lower magnitude of risks of poor
outcome across men and women with few able to characterize the
risk of MOF and attributable complications.7,43–51 The strength of the

current findings, demonstrated in a relatively small cohort of patients,
provides insight into the magnitude of effect the IRAK-1 variant may
have on clinical outcomes postinjury. Despite the strength of these
clinical outcome findings, the underlying mechanism responsible re-
mains less clearly characterized.

It is somewhat surprising that no differences in serial cytokine
expression between patients with and without the IRAK-1 variant
were found. It is known that IL-6 levels are a strong predictor of the
development of MOF52,53 and despite the strong association between
the IRAK-1 variant and MOF, no differences were found for IL-6 or
other cytokine expression. Importantly, the full spectrum of circulat-
ing mediators that might contribute to the immune response driven
by TLR and IRAK-1 were not able to be measured for the analy-
sis. The most current paradigm holds that increased innate immune
activity leads to proinflammatory mediators and subsequent organ
dysfunction and attributable morbidity and mortality.54 The lack of
any significant measurable differences in the proteomic (cytokine)
response may call into question this paradigm in this particular cir-
cumstance. It may be that either early proteomic or innate immune
response differences exist but were not able to be appropriately mea-
sured by standard cytokine analysis which was undertaken, or that the
clinical outcome differences found follow an alternative paradigm or
model in this specific situation.

We attempted to characterize the early and evolving coagulopa-
thy for the cohort as it has been shown to be a significant risk factor
for poor outcome and we have previously demonstrated significant
differences in the risk of coagulopathy across male and female sex
postinjury.55–60 Although no TEG parameter differences were demon-
strated early (6 hours) postinjury, a strong relationship with evolving
coagulopathy over the first 24 hours was demonstrated. It may be that
patients at high risk for MOF have a tendency toward coagulopathy
or these early differences in coagulation may be in part driving the
risk of MOF. Mechanistic possibilities include that the TLR signaling
cascade by way of the IRAK-1 polymorphism in some way drives
this evolving coagulopathy. It has been previously demonstrated that
hypoperfusion and activated protein C are principal drivers of trauma-
induced coagulopathy.61,62 Importantly, hemorrhagic shock and trau-
matic injury are principal drivers of TLR activation.63,64 It may be
that the principal drivers of these occurrences overlap. Importantly,
there were no significant differences in the initial 24-hour transfu-
sion or resuscitation requirements across patients with and without
the IRAK-1 variant. The TEG parameters, which were found to be
significantly abnormal after adjustment, were the α-angle, MA, and
G value. The α-angle characterizes the rate of thrombin generation;
conversion of fibrinogen to fibrin; and the interactions among fibrino-
gen, fibrin, and platelets. Both the MA and G value TEG parameters
characterize the overall clot strength with contributors to clot strength
including platelet and fibrinogen function. The current results verify
there is an association with the IRAK-1 variant in this cohort with
evolving coagulopathy based on serial TEG measurements. However,
the current analysis is unable to provide causal information regarding
these developments and the interaction of MOF, coagulopathy, and
the early innate immune response postinjury.

The current analysis does have several limitations that deserve
discussion. First, this study was performed at a single, level I trauma
center and may not be generalizable or pertinent to other centers with
differing admission demographics, injury characteristics, or manage-
ment practices. Although the data collected for the prospective cohort
analysis was extensive, potential unknown or unmeasured confound-
ing variables may be responsible for the associations described and the
conclusions formulated. The study group represents a smaller cohort
than previous sex studies but is substantially larger than some of the
prior sepsis studies for which the IRAK-1 variant has been character-
ized clinically.15,25 There was a lower than expected incidence of the
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selected pertinent outcomes of the study including MOF and mortal-
ity, which can have an exaggeratory effect on the odds ratios presented
in certain circumstances. Importantly, it has been previously demon-
strated that a large portion of the most critically injured patients suffer
mortality relatively early, commonly within the first 48 hours.65 Be-
cause of the requirement of informed consent, the most critically ill
patients had a lower consent rate significantly reducing the incidence
of mortality for the study cohort. Although the within 6-hour early
cytokine expression measurements that were performed represent a
relatively early time point compared with most other studies, this may
still represent a delayed measurement for cytokine expression, which
drives the development of MOF and mortality. Finally, our current
understanding of the early coagulopathy, which complicates trauma,
is just beginning to expand because of the complex nature of the
process. The most appropriate analysis of TEG parameters remains
controversial with variability in the methods of comparison across
studies.31–35 We utilized the extreme quartile, either more than 75%
or less than 25% depending on the specific parameter for logistic
regression modeling. This possibly may result in an underestimation
or overestimation of coagulopathic tendency for specific patients.

CONCLUSIONS
The IRAK-1 polymorphism is a strong independent predictor

of MOF and mortality postinjury and represents a common variant
with prognostic potential. These data demonstrate the importance
of TLR signaling postinjury and supports that an X –chromosome-
linked genetic mechanism may drive sex-based outcome differences
postinjury.
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DISCUSSANTS
R. Maier (Seattle, WA):

It’s not often that you discuss a paper that may change an entire
paradigm of how we approach a disease. I believe this paper has that
potential.

One of the holy grails of trauma care is elucidating why 2
similar people hit by the same truck with identical injuries have
different outcomes. One of the major differences identified over the

last decades is that women and men behave differently to identical
injuries.

However, we have failed to fully explain why. As you heard,
hormonal differences were the obvious cause invoked initially and
confirmed in models. But, in the human setting, the mice results
do not hold up. The obvious conclusion is that women are stronger
than men and are better able to tolerate severe injury. Today, the
authors further provide a unique insight of a potential genetic basis
for this observed gender bias in outcome, and, in part, explain why
previous studies focused on a proteomic gender difference, primarily
hormonal, have not been reproducible.

The authors focus on the IRAK gene, and its polymorphisms
as an X chromosome-linked gene. Men, as described, are much more
likely to express any polymorphism, and express it homozygously,
compared to the double-X chromosome female. In their study, they
were then able to show their individuals having a homozygous dys-
functional polymorphism had a markedly increased risk of MOF and
mortality using multiple different analyses.

The analysis is very clean and very exciting. The data focus
on the genetic cause of the difference rather than chasing genomic
products, or proteomes, which we have done for decades and have
failed. Attempts at modifying protein levels have not succeeded in
improving survival.

I have 3 questions for the authors.
The current paradigm is based on the variable response in hor-

monal levels between men and women. The authors do not mention
whether they measured hormonal levels in their various cohorts of
IRAK polymorphisms. Is there a linkage between select hormonal
expressions and polymorphism particularly in the heterozygous fe-
male? Is hormonal protein production variable based on these various
cohorts?

Second, the authors similarly demonstrate that, while IRAK is
known to control inflammatory mediator production, they were unable
to discern any differences in inflammatory mediator levels between
the various polymorphism cohorts. Do they have an explanation?
With the increased IRAK activation they demonstrate, there should
have been a marked increase in proinflammatory mediators. Why
were they unable to demonstrate any increase?

Is there another level of control that’s more important than the
gene? Is there evidence of increased inflammatory protein production
that is not being released or is not being processed to a functional
state?

The third question is an extension of this principle. The only
functional assay examined was coagulation. Again, they demonstrate
that coagulopathy was worse in patients with this genetic polymor-
phism variant. However, were they able to identify any of the rec-
ognized mediators of trauma-induced coagulopathy and whether the
genetic polymorphism variant produced a difference in levels of those
mediators? Was there any correlation between the genetic cohorts and
the biology of coagulation?

Response From B. Zuckerbraun:
Thank you. It has been a privilege to present this work and

represent our lead author, Dr Jason Sperry. In regard to associating
the IRAK1 variant with differences in hormonal production, at the
level of simple analysis we did not see any measurable differences of
statistical significance between patients with the IRAK1 variant and
those without, again suggesting that the mechanisms of action related
to IRAK1 and innate immune signaling may extend beyond and be
independent of hormone production.

Dr Sperry is looking intensely at the temporal relationship of
hormones, including estrogens and testosterones, which may suggest
that there is a difference that occurs over time and that the relationship
may be quite complex, without relationship to the IRAK1 variant.
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With regard to looking at our association of IRAK1 variant and
the cytokine response, we were a bit surprised when we did not see
a difference, especially knowing that cytokines, such as IL-6, have
been clearly shown to be associated with outcomes such as MOF. But
as you mentioned, perhaps we shouldn’t be so surprised for a number
of reasons. The complexity of cytokines or chemokine measurements
or other inflammatory mediators extends beyond that of simple mea-
surements of absolute values and may have more to do with trends.
In addition, values of these parameters may change drastically de-
pending on when they are measured, specifically in relationship to
the timing of injury, in relationship to the timing of resuscitation
efforts, so on and so forth, and, again, may suggest that overinter-
pretation of the importance of these inflammatory parameters on a
causal association with MOF or poor outcome measurements is not
accurate.

In relationship to trauma-induced coagulopathy, again, I think
there’s a little bit of an oversimplification of looking at this as a sin-
gle phenotypic entity, and perhaps the coagulopathy that’s seen early
is very different than a coagulopathy that you may see at 24 hours,
which, again, may be a manifestation of a measurement of overall
immune dysfunction that is occurring at this time point. However,
we have not looked specifically at any of the known factors asso-
ciated with coagulopathy other than looking at the coagulopathy as
determined by thromboelastography itself.

DISCUSSANTS
D. Soybel (Hershey, PA):

I think this type of work is important and thought-provoking.
Along those lines, I wondered if you could clarify for us just a little bit
about the biology of the IRAK1 variant. First of all, you mentioned
it’s a nonsynonymous variant. My question in that regard is, is this a
deletion or is it an alteration of the receptor so that it is more or less
responsive to interleukin 1?

Second, this IRAK1 variant, I believe, has also been associated
with autoimmune diseases like lupus that are more likely to occur in
women. So, I sort of wonder if there is some broader issue involved,
such as susceptibility to persistent inflammation or nonresolving in-
flammation. If so, what your thoughts are about why it persists in the
population if it’s so maladaptive.

Response From B. Zuckerbraun:
The interesting thing about this IRAK1 variant is there are

overall 8 polymorphisms seen in this variant. Invariably, almost all
8 are always seen in the presence of this variant. The one that we
measured on this specific exon is just the one that’s been described
previously.

What that results in is definitely this hyper-exaggerated in-
flammatory response, which has been demonstrated in vitro. For
example, increased NF-κB signaling has been measured as part of
that exaggerated response. What the genetic variant does to the pro-
tein levels or function has been less clear. Whether or not that al-
ters the phosphorylating ability of the kinase or perhaps alters the
ubiquitination sites of the protein. But functionally, it is clear that
the variant does phenotypically result in exaggerated downstream
signaling.

In addition, pertaining to your second question, it seems to
be expressed in a recessive fashion in some circumstances, which
may predispose to some of the ongoing inheritance of this variant.
As far as the variant’s role in other inflammatory diseases that is
an ongoing question. We highlighted the response in sepsis and the
results of this manuscript illustrate in patients that are surviving their
initial traumatic insults are experiencing complications, including
mortality and organ dysfunction related to that immune dysfunction of

trauma. So, this is clearly a gene variant that has been associated with
genetic predisposition to susceptibility to inflammatory responses in
the setting of infection or other immune-mediated diseases makes is
all I can comment on.

May this variant be protective for other disease processes where
that hyperexaggerated immune response be beneficial? For example,
in some cancers. It is known that the polymorphism exists quite
commonly in certain populations. For example, 80% of Chinese pop-
ulations have the polymorphism. So, it remains to be seen.

DISCUSSANTS
T. Buchman (Atlanta, GA):

I have a question as to the degree to which your analysis
depends on the assumption that women who are heterozygous are
expressing at 50%, if you will. Women are natural mosaics with
regard to X chromosome inactivation. For example, as seen in the
hair color of a calico cat or a tortoise shell cat, inactivation may not
be 50% with respect to a given allele. There’s a bell-shaped curve to it.
Given the relatively small numbers in your study, I wonder about the
extent to which your analysis might be affected by the heterozygotes
whose X chromosomes are unevenly inactivated, that is they are at
one end of the bell curve or the other.

Response From B. Zuckerbraun:
That’s a great point, and we don’t know the answer to that

question.

T. Buchman (Atlanta, GA):
Did you consider doing a methylation analysis of a closely

linked gene to see, in a given subject, whether the X chromosome
inactivation pattern was even or distributed at one end of the curve or
the other?

Response From B. Zuckerbraun:
We could do that; we have not. We had done our analysis ex-

cluding heterozygotes from each group. Regardless of that, there were
still differences between the normal haplotypes and the homozygous
patients. But you bring up a good point that heterozygotes repre-
sent perhaps a very mixed population along that spectrum, based on
differences in mosaic expression to varying extents throughout the
body.

DISCUSSANTS
A. Harken (Oakland, CA):

I’m sure you, in chasing the mechanism, were disappointed
that the inflammatory cytokines did not correlate with the IRAK
polymorphism, but I guess my questions is, I think of a hormone
as being a small amount of material working at a distance and a
cytokine as a sometimes relatively large amount of material working
locally.

You guys have a huge amount of experience in this. Can you
help us or me interpret how we should think of circulating cytokines,
just measuring them and relating them to anything that’s happening
locally?

Response From B. Zuckerbraun:
Clearly, the background of others in our group, including

Dr Vodovotz and Dr Billiar, really would suggest that the cytokine
and chemokine relationships are much more complex than the abso-
lute measurements. They are looking at these in the context of trends
and as part of dynamic Bayesian networks and looking at it that way
may reveal a more rigorous relationship or causal relationship, or
associations at the very least, with outcomes.
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So, I think the real question is, can you apply that to clinical
care? Can you perform these analyses, the measurements, and then
the interpretation of these measurements to affect care real time? I
think that will continue to be a challenge.

The beauty of the genetic variant is that although, again,
there’s still some challenge in measuring that in real time, but

the genetic variant is not changed in relationship to the timing
postinjury, so on and so forth. If it could be measured early, you
could perhaps target that higher at-risk population early in the
course of their care or down the road as this genetic predisposi-
tion is going to be omnipresent throughout their hospital stay and
life.
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X Chromosome-Linked IRAK-1 Polymorphism Is a Strong
Predictor of Multiple Organ Failure and Mortality Postinjury

Jason L. Sperry, MD, MPH, Samuel Zolin, BS, Brian S. Zuckerbraun, MD, Yoram Vodovotz, PhD,
Rami Namas, MD, Matthew D. Neal, MD, Robert E. Ferrell, PhD, Matthew R. Rosengart, MD, MPH,

Andrew B. Peitzman, MD, and Timothy R. Billiar, MD

Objective(s): Clinical research characterizing the mechanisms responsible
for sex-based outcome differences postinjury remain conflicting. We sought
to characterize an X chromosome-linked IRAK-1 (IL-1 receptor-associated
kinase) polymorphism as an alternative mechanism responsible for sex differ-
ences postinjury. IRAK-1 is key intermediate in the toll-like receptor (TLR)
pathway thought to drive inflammation postinjury.
Methods: A prospective cohort study was performed over a 24-month period.
Bluntly injured patients requiring intensive care unit admission were enrolled,
whereas patients with isolated brain and spinal cord injuries were excluded.
Outcomes of interest included multiple organ failure (MOF, Marshall MOD
score > 5) and mortality. Logistic regression was utilized to determine the
independent risk of poor outcome associated with the IRAK-1 variant after
controlling for important differences.
Results: In an enrolled cohort of 321 patients, the IRAK-1 variant was com-
mon (12.5%). Patients with and without the variant were similar in age, injury
severity, and 24hr blood transfusion. After controlling for important con-
founders, the IRAK1 variant was independently associated with more than
eightfold (OR = 8.4, P = 0.005, 95% CI: 1.9–37.1) and 11-fold (OR = 11.8,
P = 0.037, 95% CI: 1.1–121) greater risk of MOF and mortality, respectively.
These differences were most prominent in men, whereas women heterozygous
for the variant demonstrated worse outcome in a dose-dependent fashion.
Conclusions: The IRAK1 polymorphism is a strong independent predictor of
MOF and mortality postinjury and represents a common variant with prog-
nostic potential. These data demonstrate the importance of TLR signaling
postinjury and supports that a genetic mechanism may drive sex outcome
differences postinjury.

(Ann Surg 2014;260:698–705)

A lthough significant advances in the care of the injured patient
have occurred over the last decade, those who survive their initial

injury continue to be plagued with the development of coagulopathy,
multiple organ failure (MOF), nosocomial infection (NI), and their
attributable morbid effects.1–6 A persistent finding has been that men
and women respond differently after traumatic injury with significant
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protection afforded to the female sex.7,8 Controversy exists regarding
the clinical explanation and underlying mechanisms responsible for
this female protective effect.7,9,10

A large body of laboratory evidence suggests that a sex-
hormone–based mechanism (estrogen being protective) is responsible
for these postinjury differences.8,11–14 In prior work, our group has
shown that the protective effect afforded to women following severe
injury is independent of age and the hormonal status of the female,
suggesting other mechanisms may be involved clinically.7,15 Men and
women also are different genetically, primarily due to the method of
inheritance of, and the genes which reside on, the X chromosome.
Secondary to the known mosaic expression of the X chromosome,
women would be less affected by unfavorable X chromosome-linked
genetic variants.16 Importantly, increasing evidence also has demon-
strated that the Toll-like receptor (TLR) signaling cascade plays an es-
sential role in the early activation of the innate immune response after
traumatic injury.17–24 The IL-1 receptor-associated kinase (IRAK-1)
is a protein constituent member of the TLR signaling cascade, which
resides on the X chromosome and has been demonstrated to have 2
haplotypes. The IRAK-1 variant haplotype has been demonstrated
to be relatively common and associated with worse outcome in sep-
tic patients, thought to be secondary to an excessive innate immune
response brought about by upregulated NF-κB signaling.25–27 No
evidence currently exists regarding the significance of this TLR path-
way variant, which resides on the X chromosome on pertinent out-
comes after traumatic injury. We sought to characterize the IRAK-1
variant as an alternative mechanism responsible for sex-based out-
come differences postinjury. We hypothesized that the IRAK-1 vari-
ant would be common and independently associated with poor clinical
outcome after traumatic injury.

METHODS
A prospective observational cohort study was performed over

a 24-month time period (2011–2012) with the overarching goal to fur-
ther characterize the mechanisms responsible for sex (male vs female)
based outcome differences after traumatic injury. Inclusion criteria for
the study included blunt injured patients older than 17 years requiring
ICU (intensive care unit) admission. Patients older than 90 years, with
isolated traumatic brain injury, preexisting immune-suppression, or
those with an anticipated survival of less than 24 hours were ex-
cluded from enrollment. Blood samples were obtained within 6 hours
of injury for serial cytokine measurements, coagulation assessment
[international normalized ratio (INR), thromboelastography (TEG)
analysis], and DNA isolation and haplotype discrimination. Clini-
cal outcomes assessed included the development of MOF, NI, and
mortality.

The IRAK-1 variant haplotype was determined by genotyping
the single nucleotide polymorphism on the X chromosome where
a T→ C substitution [rs1059703] at position 1595 in exon12 re-
sults in a nonsynonymous mutation (532, L→ S). Probe and primer
combinations were designed for genotyping this polymorphism and
polymerase chain reaction (PCR) was performed using an Applied
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Biosystems 7300 Real-Time PCR system using methods previously
described.25,27 Allelic discrimination was verified by direct DNA se-
quencing of a small subgroup of patients of each haplotype (men and
women: wild-type, variant, and heterozygous, respectively) to assure
the PCR-based assay was sufficiently accurate.

MOF was evaluated using the well-validated Marshall Mul-
tiple Organ Dysfunction Score.5,28,29 A Marshall Multiple Organ
Dysfunction Score of more than 5 beyond 48 hours of injury and
ICU admission was classified as MOF. Primary infectious outcomes
of interest include ventilator-associated pneumonia, blood stream in-
fection (excluding those associated with an intra-abdominal abscess),
and urinary tract infections.30 These were selected in attempts to use
those infectious outcomes that can be used as a marker for the degree
of relative immune suppression. The development of these NIs was
based on positive culture evidence.

Blood samples were serially obtained at 6 hours, 24 hours, and
72 hours of injury, and serum was separated and frozen at −80◦C
until assayed for cytokine analysis. Cytokine expression including
IL-1, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-10, IL-12, IL-15, IFN-α,
and IFN-γ were measured from patients’ serum using a Luminex
100 IS System and commercially available human specific beadsets.
Thromboelastography (TEG) was performed within the first 6 hours
of injury and at 24 hours using on a TEG 5000 Thromboelastograph
Hemostasis Analyzer and standard TEG parameters were recorded
including r value, k time, α angle, maximal amplitude (MA), G value,
and fibrinolysis at 30 minutes (LY30) as previously described.31–35

First, patients with and without the IRAK-1 polymorphism
underwent unadjusted comparison of demographics, injury charac-
teristics, resuscitation and transfusion requirements, and clinical out-
comes. Multivariable logistic regression analysis was then utilized to
determine the independent risks of our clinical outcomes associated
with the IRAK-1 variant. Covariates adjusted for in the regression
model included age, sex (male vs female), race, body mass index
(BMI), injury severity score (ISS), presenting systolic blood pressure
(SBP), presenting Glasgow Coma Score (GCS), intubation status,

presenting coagulopathy (INR > 1.5), 24-hour crystalloid, and blood
component transfusion requirements. Because of the X chromosome
location of the polymorphism, we then characterized the risk of our
clinical outcomes across whether the IRAK-1 variant existed in a
homozygous manner (male-1 variant allele, female -2 variant alle-
les) or heterozygous manner (women—1 variant allele) to determine
if a dose-response relationship existed. Finally, we characterized se-
rial cytokine expression and TEG parameters for patients with and
without the IRAK-1 polymorphism.

All data were summarized as mean ± SD, median (interquartile
range), or percentage (%). Student t test or Mann-Whitney statistical
test was used to compare continuous variables, whereas χ2 test or
Fischer exact test was used for categorical variables. P≤ 0.05 was
considered statistically significant. The institutional review board at
the University of Pittsburgh approved this study.

RESULTS
Over the study time period, 321 patients met inclusion and

exclusion criteria and constituted the study cohort. The overall study
cohort had a mean age of 50 ± 16 years, 70% male, and a median ISS
of 16 [10, 21]. The cohort had an average ICU length of stay of 5.3
± 6 days, and an overall incidence of MOF, NI, and mortality for the
cohort was 8.1%, 27.0%, and 4.4%, respectively. The prevalence of
the IRAK-1 polymorphism across men and women in the study cohort
was 21.5% when heterozygous women (n = 29) were also included.
For the purposes of the principal analyses, only homozygous patients
(men—1 variant allele, women—2 variant alleles) were considered
to have the IRAK-1 variant (12.5%). In the IRAK-1 variant group, 5
patients were female and were homozygous for the variant allele.

When IRAK-1 variant patients were compared with those with
the normal haplotype, patients were similar in demographics, present-
ing vital and GCS, overall injury severity, and 24-hour resuscitation
and transfusion requirements. (Table 1). IRAK-1 patients were more
commonly male and had a significantly higher rate of MOF and mor-
tality in unadjusted comparison.

TABLE 1. Unadjusted Comparison of IRAK-1 Variant and Normal Haplotype Demographics, Injury Characteristics, and
Outcomes

IRAK-1 Variant Normal Haplotype
(n = 40) (n = 281) P

Age (yrs) 47 ± 22 50 ± 19 0.388
Sex (%Male) 87.5% 67.3% 0.009
Race

Caucasian 72.5% 81.5%
African American 7.5% 2.5%
Other/Unknown 20% 16.0% 0.176

ED SBP (mm Hg) 130 ± 25 129 ± 28 0.817
ED GCS 15 [14, 15] 15 [14, 15] 0.645
Injury Severity Score (ISS) 17 [13, 20] 16 [10, 21] 0.442
Intubation status (% yes) 16.7% 11.2% 0.573
Body mass index (BMI) 26.9 ± 4 29.2 ± 7 0.078
ICU days 6.3 ± 7 5.2 ± 6 0.289
Length of stay 12 ± 10 11 ± 9 0.337
24-h crystalloid (cc) 3770 ± 2900 3290 ± 2160 0.249
24-h blood transfusion (cc) 447 ± 820 437 ± 1010 0.956
24-h plasma transfusion (cc) 179 ± 653 218 ± 790 0.786
24-h platelet transfusion (cc) 114 ± 326 70 ± 227 0.328
NI 33.3% 26.1% 0.381
Pneumonia 21.2% 18.3% 0.683
MOF, % 18.2% 5.4% 0.006
Mortality, % 12.5% 3.2% 0.007

ED indicates emergency department.
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Our logistic regression model was an excellent predictor of
mortality with an area under the curve of 0.94 via receiver operating
characteristic curve analysis. The model was also a strong predictor
of MOF and adequate predictor of NI with area under the curve
of 0.90 and 0.70, respectively. After controlling for all important
confounders, the IRAK-1 variant was not a significant independent
risk factor for the development of NI (OR = 1.6, P = 0.315, 95% CI:
0.62–4.3). When both MOF and mortality were analyzed, the IRAK-1
variant was significantly associated with over an eightfold greater
independent odds of MOF (OR = 8.4, P = 0.005, 95% CI: 1.9–37.1)
and over an 11-fold greater independent odds of mortality (OR =
11.8, P = 0.037, 95% CI: 1.1–121) (Fig. 1).

To characterize significance of homozygous or heterozygous
status of the IRAK-1 variant, we first looked at the incidence of
MOF and mortality across the haplotype designation (Table 2). This
unadjusted comparison revealed a dose-response relationship with
heterozygous women having an intermediate incidence of MOF and
mortality relative to the normal haplotype and homozygous IRAK-1
variant. When the haplotype (CT and CC relative to the normal hap-
lotype TT) of the IRAK-1 variant was analyzed concurrently in the
regression model, as compared to the odds of poor outcome asso-
ciated with the normal haplotype, both the heterozygous haplotype
and homozygous IRAK-1 variant were significant independent risk
factors for MOF (P’s 0.012 and 0.003, respectively). Only the ho-
mozygous IRAK-1 variant (CC) remained a significant independent
risk factor for mortality when both variant haplotypes were included
in the model.

FIGURE 1. Forest plot depicting the independent Odds Ratio
for the development of NI, MOF, and mortality associated with
the IRAK-1 variant.

When serial cytokine measurements were characterized, early
IL-6 and IL-10 levels were significantly correlated in a positive di-
rection with the propensity to develop MOF and mortality; however,
there was no significant relationship with serial cytokine expression
and the IRAK-1 variant or IRAK-1 haplotype (TT, CT, CC).

When coagulopathy was further characterized, we first ex-
cluded those patients who presented on oral anticoagulation or an-
tiplatelet medications (n = 91). We then looked the continuous TEG
parameter variables and the extreme quartile (>75th percentile or
< 25th percentile) associated with coagulopathy for each TEG pa-
rameter (r value, k time, α-angle, MA, G value, and LY30). When
these were compared across TEG measurements drawn in the first 6
hours from injury, there were no significant differences found across
those with and without the IRAK-1 variant. When TEG measurements
that were performed at 24 hours out from injury were analyzed, there
were significantly higher k time, α-angle, MA, and G values (P =
0.029, P = 0.021, P = 0.45, P = 0.043, respectively) in those pa-
tients with the IRAK-1 variant. As this represents a potential evolving
coagulopathy over the initial 24 hours postinjury, we verified these
significant differences in a regression model, which also controlled
for differences in demographics, injury severity, and 24-hour resus-
citation and transfusion requirements (age, sex, ISS, 24-hour blood,
plasma, platelet, and crystalloid). After controlling for important dif-
ferences across the groups, the IRAK-1 variant remained significantly
associated in 3 out of the 4 TEG parameters with more than a three-
fold greater independent risk of coagulopathic tendency (α-angle, P
= 0.018; MA, P = 0.047; and G value, P = 0.012, Fig. 2).

DISCUSSION
As few effective interventions exist, which alter the morbidity

and mortality that inherently follows traumatic injury, investigation
into novel mechanisms, which result in a protective effect may provide
a route to reduce these sequelae postinjury. The ultimate elucidation
of the mechanisms responsible for sex-based outcome differences
will provide insight and understanding of novel therapeutic targets,
which have significant potential to improve outcomes in both men
and women postinjury.

TLRs are an evolutionarily conserved family of protein recep-
tors, which are central to NF-κB cellular signaling and the initiation of
the innate immune response to infection.36–38 Accumulating evidence
suggests that TLRs also recognize endogenous ligands that arise from
cellular damage that are unrelated to infection.21–24 Compelling ev-
idence has revealed that the TLR receptor, specifically TLR4, is re-
quired and plays a critical role in the early activation and upregulation
of the innate immune response, the resultant systemic inflammatory
response, and the secondary organ dysfunction, which is known to
complicate and follow traumatic injury.17–20 Concurrently, it is known
that women would potentially be less affected by an unfavorable X
chromosome-linked genetic polymorphism due to the mosaic expres-
sion pattern of the X chromosome, which has been shown in other
disease processes to be protective for women.16,39–41

The results of the current prospective analysis suggest that
an IRAK-1 polymorphism, which is a TLR signaling pathway con-
stituent that also resides on the X chromosome that is known to result
in increased NF-κB cellular signalling, is strongly associated with the

TABLE 2. Unadjusted Rates of MOF and Mortality Across Haplotype of IRAK-1 Gene

Normal Haplotype Variant Haplotype Variant Haplotype
(TT, n = 281) Heterozygous (CT, n = 29) Homozygous (CC, n = 40) P

MOF 4.7% 11.1% 18.2% 0.012
Mortality 2.4% 10.3% 12.5% 0.004
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FIGURE 2. Forest plot depicting the independent odds ratio
for the development of coagulopathic TEG parameters at 24
hours from injury associated with the IRAK-1 variant.

development of MOF and mortality in a prospectively enrolled cohort
of injured patients that required ICU admission. Further confirmation
of the significance of these findings is demonstrated by prevalence of
the polymorphism in a single-center injured population and the dose-
response relationship determined by the haplotype (heterozygous or
homozygous expression) of the IRAK-1 variant. The current results
verify that the IRAK-1 polymorphism represents a common variant
with prognostic potential and demonstrates the importance of TLR
signaling postinjury and further supports that a genetic mechanism
may in part drive sex-based outcome differences postinjury.

These results compliment prior studies demonstrating a detri-
mental association of the IRAK-1 variant in patients with sepsis.25,26

Arcaroli and colleagues studied the same polymorphism to identify
the IRAK-1 variant haplotype and characterized its association with
clinical outcomes in a septic population (n = 155). The IRAK-1
variant was relatively common in this septic population (prevalence
= 21.3%) and was associated with increased nuclear translocation
of NF-κB (synonymous with NF-κB activation), more severe organ
dysfunction, and independently associated with a higher risk of mor-
tality, in this cohort of patients. Similarly, evidence exists that racial
disparities exist in the strength of sex-based outcome differences,
which correlates with the known prevalence of the IRAK-1 variant
across different racial groups.42

Importantly, the current results are not simply an extension of
sex-based outcomes, which have been previously demonstrated af-
ter traumatic injury in multiple studies.7,15,43–51 In the current 321
patient cohort, there were no significant differences in the clinical
outcomes (NI, MOF, or mortality) across male and female sex nor
was sex a significant covariate in any of the regression models. Prior
studies demonstrating sex-based outcome differences postinjury have
utilized larger retrospective and prospective injured populations and
have demonstrated a significantly lower magnitude of risks of poor
outcome across men and women with few able to characterize the
risk of MOF and attributable complications.7,43–51 The strength of the

current findings, demonstrated in a relatively small cohort of patients,
provides insight into the magnitude of effect the IRAK-1 variant may
have on clinical outcomes postinjury. Despite the strength of these
clinical outcome findings, the underlying mechanism responsible re-
mains less clearly characterized.

It is somewhat surprising that no differences in serial cytokine
expression between patients with and without the IRAK-1 variant
were found. It is known that IL-6 levels are a strong predictor of the
development of MOF52,53 and despite the strong association between
the IRAK-1 variant and MOF, no differences were found for IL-6 or
other cytokine expression. Importantly, the full spectrum of circulat-
ing mediators that might contribute to the immune response driven
by TLR and IRAK-1 were not able to be measured for the analy-
sis. The most current paradigm holds that increased innate immune
activity leads to proinflammatory mediators and subsequent organ
dysfunction and attributable morbidity and mortality.54 The lack of
any significant measurable differences in the proteomic (cytokine)
response may call into question this paradigm in this particular cir-
cumstance. It may be that either early proteomic or innate immune
response differences exist but were not able to be appropriately mea-
sured by standard cytokine analysis which was undertaken, or that the
clinical outcome differences found follow an alternative paradigm or
model in this specific situation.

We attempted to characterize the early and evolving coagulopa-
thy for the cohort as it has been shown to be a significant risk factor
for poor outcome and we have previously demonstrated significant
differences in the risk of coagulopathy across male and female sex
postinjury.55–60 Although no TEG parameter differences were demon-
strated early (6 hours) postinjury, a strong relationship with evolving
coagulopathy over the first 24 hours was demonstrated. It may be that
patients at high risk for MOF have a tendency toward coagulopathy
or these early differences in coagulation may be in part driving the
risk of MOF. Mechanistic possibilities include that the TLR signaling
cascade by way of the IRAK-1 polymorphism in some way drives
this evolving coagulopathy. It has been previously demonstrated that
hypoperfusion and activated protein C are principal drivers of trauma-
induced coagulopathy.61,62 Importantly, hemorrhagic shock and trau-
matic injury are principal drivers of TLR activation.63,64 It may be
that the principal drivers of these occurrences overlap. Importantly,
there were no significant differences in the initial 24-hour transfu-
sion or resuscitation requirements across patients with and without
the IRAK-1 variant. The TEG parameters, which were found to be
significantly abnormal after adjustment, were the α-angle, MA, and
G value. The α-angle characterizes the rate of thrombin generation;
conversion of fibrinogen to fibrin; and the interactions among fibrino-
gen, fibrin, and platelets. Both the MA and G value TEG parameters
characterize the overall clot strength with contributors to clot strength
including platelet and fibrinogen function. The current results verify
there is an association with the IRAK-1 variant in this cohort with
evolving coagulopathy based on serial TEG measurements. However,
the current analysis is unable to provide causal information regarding
these developments and the interaction of MOF, coagulopathy, and
the early innate immune response postinjury.

The current analysis does have several limitations that deserve
discussion. First, this study was performed at a single, level I trauma
center and may not be generalizable or pertinent to other centers with
differing admission demographics, injury characteristics, or manage-
ment practices. Although the data collected for the prospective cohort
analysis was extensive, potential unknown or unmeasured confound-
ing variables may be responsible for the associations described and the
conclusions formulated. The study group represents a smaller cohort
than previous sex studies but is substantially larger than some of the
prior sepsis studies for which the IRAK-1 variant has been character-
ized clinically.15,25 There was a lower than expected incidence of the
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selected pertinent outcomes of the study including MOF and mortal-
ity, which can have an exaggeratory effect on the odds ratios presented
in certain circumstances. Importantly, it has been previously demon-
strated that a large portion of the most critically injured patients suffer
mortality relatively early, commonly within the first 48 hours.65 Be-
cause of the requirement of informed consent, the most critically ill
patients had a lower consent rate significantly reducing the incidence
of mortality for the study cohort. Although the within 6-hour early
cytokine expression measurements that were performed represent a
relatively early time point compared with most other studies, this may
still represent a delayed measurement for cytokine expression, which
drives the development of MOF and mortality. Finally, our current
understanding of the early coagulopathy, which complicates trauma,
is just beginning to expand because of the complex nature of the
process. The most appropriate analysis of TEG parameters remains
controversial with variability in the methods of comparison across
studies.31–35 We utilized the extreme quartile, either more than 75%
or less than 25% depending on the specific parameter for logistic
regression modeling. This possibly may result in an underestimation
or overestimation of coagulopathic tendency for specific patients.

CONCLUSIONS
The IRAK-1 polymorphism is a strong independent predictor

of MOF and mortality postinjury and represents a common variant
with prognostic potential. These data demonstrate the importance
of TLR signaling postinjury and supports that an X –chromosome-
linked genetic mechanism may drive sex-based outcome differences
postinjury.
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DISCUSSANTS
R. Maier (Seattle, WA):

It’s not often that you discuss a paper that may change an entire
paradigm of how we approach a disease. I believe this paper has that
potential.

One of the holy grails of trauma care is elucidating why 2
similar people hit by the same truck with identical injuries have
different outcomes. One of the major differences identified over the

last decades is that women and men behave differently to identical
injuries.

However, we have failed to fully explain why. As you heard,
hormonal differences were the obvious cause invoked initially and
confirmed in models. But, in the human setting, the mice results
do not hold up. The obvious conclusion is that women are stronger
than men and are better able to tolerate severe injury. Today, the
authors further provide a unique insight of a potential genetic basis
for this observed gender bias in outcome, and, in part, explain why
previous studies focused on a proteomic gender difference, primarily
hormonal, have not been reproducible.

The authors focus on the IRAK gene, and its polymorphisms
as an X chromosome-linked gene. Men, as described, are much more
likely to express any polymorphism, and express it homozygously,
compared to the double-X chromosome female. In their study, they
were then able to show their individuals having a homozygous dys-
functional polymorphism had a markedly increased risk of MOF and
mortality using multiple different analyses.

The analysis is very clean and very exciting. The data focus
on the genetic cause of the difference rather than chasing genomic
products, or proteomes, which we have done for decades and have
failed. Attempts at modifying protein levels have not succeeded in
improving survival.

I have 3 questions for the authors.
The current paradigm is based on the variable response in hor-

monal levels between men and women. The authors do not mention
whether they measured hormonal levels in their various cohorts of
IRAK polymorphisms. Is there a linkage between select hormonal
expressions and polymorphism particularly in the heterozygous fe-
male? Is hormonal protein production variable based on these various
cohorts?

Second, the authors similarly demonstrate that, while IRAK is
known to control inflammatory mediator production, they were unable
to discern any differences in inflammatory mediator levels between
the various polymorphism cohorts. Do they have an explanation?
With the increased IRAK activation they demonstrate, there should
have been a marked increase in proinflammatory mediators. Why
were they unable to demonstrate any increase?

Is there another level of control that’s more important than the
gene? Is there evidence of increased inflammatory protein production
that is not being released or is not being processed to a functional
state?

The third question is an extension of this principle. The only
functional assay examined was coagulation. Again, they demonstrate
that coagulopathy was worse in patients with this genetic polymor-
phism variant. However, were they able to identify any of the rec-
ognized mediators of trauma-induced coagulopathy and whether the
genetic polymorphism variant produced a difference in levels of those
mediators? Was there any correlation between the genetic cohorts and
the biology of coagulation?

Response From B. Zuckerbraun:
Thank you. It has been a privilege to present this work and

represent our lead author, Dr Jason Sperry. In regard to associating
the IRAK1 variant with differences in hormonal production, at the
level of simple analysis we did not see any measurable differences of
statistical significance between patients with the IRAK1 variant and
those without, again suggesting that the mechanisms of action related
to IRAK1 and innate immune signaling may extend beyond and be
independent of hormone production.

Dr Sperry is looking intensely at the temporal relationship of
hormones, including estrogens and testosterones, which may suggest
that there is a difference that occurs over time and that the relationship
may be quite complex, without relationship to the IRAK1 variant.
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With regard to looking at our association of IRAK1 variant and
the cytokine response, we were a bit surprised when we did not see
a difference, especially knowing that cytokines, such as IL-6, have
been clearly shown to be associated with outcomes such as MOF. But
as you mentioned, perhaps we shouldn’t be so surprised for a number
of reasons. The complexity of cytokines or chemokine measurements
or other inflammatory mediators extends beyond that of simple mea-
surements of absolute values and may have more to do with trends.
In addition, values of these parameters may change drastically de-
pending on when they are measured, specifically in relationship to
the timing of injury, in relationship to the timing of resuscitation
efforts, so on and so forth, and, again, may suggest that overinter-
pretation of the importance of these inflammatory parameters on a
causal association with MOF or poor outcome measurements is not
accurate.

In relationship to trauma-induced coagulopathy, again, I think
there’s a little bit of an oversimplification of looking at this as a sin-
gle phenotypic entity, and perhaps the coagulopathy that’s seen early
is very different than a coagulopathy that you may see at 24 hours,
which, again, may be a manifestation of a measurement of overall
immune dysfunction that is occurring at this time point. However,
we have not looked specifically at any of the known factors asso-
ciated with coagulopathy other than looking at the coagulopathy as
determined by thromboelastography itself.

DISCUSSANTS
D. Soybel (Hershey, PA):

I think this type of work is important and thought-provoking.
Along those lines, I wondered if you could clarify for us just a little bit
about the biology of the IRAK1 variant. First of all, you mentioned
it’s a nonsynonymous variant. My question in that regard is, is this a
deletion or is it an alteration of the receptor so that it is more or less
responsive to interleukin 1?

Second, this IRAK1 variant, I believe, has also been associated
with autoimmune diseases like lupus that are more likely to occur in
women. So, I sort of wonder if there is some broader issue involved,
such as susceptibility to persistent inflammation or nonresolving in-
flammation. If so, what your thoughts are about why it persists in the
population if it’s so maladaptive.

Response From B. Zuckerbraun:
The interesting thing about this IRAK1 variant is there are

overall 8 polymorphisms seen in this variant. Invariably, almost all
8 are always seen in the presence of this variant. The one that we
measured on this specific exon is just the one that’s been described
previously.

What that results in is definitely this hyper-exaggerated in-
flammatory response, which has been demonstrated in vitro. For
example, increased NF-κB signaling has been measured as part of
that exaggerated response. What the genetic variant does to the pro-
tein levels or function has been less clear. Whether or not that al-
ters the phosphorylating ability of the kinase or perhaps alters the
ubiquitination sites of the protein. But functionally, it is clear that
the variant does phenotypically result in exaggerated downstream
signaling.

In addition, pertaining to your second question, it seems to
be expressed in a recessive fashion in some circumstances, which
may predispose to some of the ongoing inheritance of this variant.
As far as the variant’s role in other inflammatory diseases that is
an ongoing question. We highlighted the response in sepsis and the
results of this manuscript illustrate in patients that are surviving their
initial traumatic insults are experiencing complications, including
mortality and organ dysfunction related to that immune dysfunction of

trauma. So, this is clearly a gene variant that has been associated with
genetic predisposition to susceptibility to inflammatory responses in
the setting of infection or other immune-mediated diseases makes is
all I can comment on.

May this variant be protective for other disease processes where
that hyperexaggerated immune response be beneficial? For example,
in some cancers. It is known that the polymorphism exists quite
commonly in certain populations. For example, 80% of Chinese pop-
ulations have the polymorphism. So, it remains to be seen.

DISCUSSANTS
T. Buchman (Atlanta, GA):

I have a question as to the degree to which your analysis
depends on the assumption that women who are heterozygous are
expressing at 50%, if you will. Women are natural mosaics with
regard to X chromosome inactivation. For example, as seen in the
hair color of a calico cat or a tortoise shell cat, inactivation may not
be 50% with respect to a given allele. There’s a bell-shaped curve to it.
Given the relatively small numbers in your study, I wonder about the
extent to which your analysis might be affected by the heterozygotes
whose X chromosomes are unevenly inactivated, that is they are at
one end of the bell curve or the other.

Response From B. Zuckerbraun:
That’s a great point, and we don’t know the answer to that

question.

T. Buchman (Atlanta, GA):
Did you consider doing a methylation analysis of a closely

linked gene to see, in a given subject, whether the X chromosome
inactivation pattern was even or distributed at one end of the curve or
the other?

Response From B. Zuckerbraun:
We could do that; we have not. We had done our analysis ex-

cluding heterozygotes from each group. Regardless of that, there were
still differences between the normal haplotypes and the homozygous
patients. But you bring up a good point that heterozygotes repre-
sent perhaps a very mixed population along that spectrum, based on
differences in mosaic expression to varying extents throughout the
body.

DISCUSSANTS
A. Harken (Oakland, CA):

I’m sure you, in chasing the mechanism, were disappointed
that the inflammatory cytokines did not correlate with the IRAK
polymorphism, but I guess my questions is, I think of a hormone
as being a small amount of material working at a distance and a
cytokine as a sometimes relatively large amount of material working
locally.

You guys have a huge amount of experience in this. Can you
help us or me interpret how we should think of circulating cytokines,
just measuring them and relating them to anything that’s happening
locally?

Response From B. Zuckerbraun:
Clearly, the background of others in our group, including

Dr Vodovotz and Dr Billiar, really would suggest that the cytokine
and chemokine relationships are much more complex than the abso-
lute measurements. They are looking at these in the context of trends
and as part of dynamic Bayesian networks and looking at it that way
may reveal a more rigorous relationship or causal relationship, or
associations at the very least, with outcomes.
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So, I think the real question is, can you apply that to clinical
care? Can you perform these analyses, the measurements, and then
the interpretation of these measurements to affect care real time? I
think that will continue to be a challenge.

The beauty of the genetic variant is that although, again,
there’s still some challenge in measuring that in real time, but

the genetic variant is not changed in relationship to the timing
postinjury, so on and so forth. If it could be measured early, you
could perhaps target that higher at-risk population early in the
course of their care or down the road as this genetic predisposi-
tion is going to be omnipresent throughout their hospital stay and
life.
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Objectives: The beneficial use of thromboeIastography (TEG) to adequately detect coagulopathy 
and direct blood component transfusion during resuscitation has been demonstrated. Despite 
this evidence, little is known regarding male and female differences in TEG measurements 
and the mechanisms responsible for disparities post-injury. We hypothesized there would be 
significant differences in TEG parameters with females being more hypercoaguable due to sex 
hormone differences. 

Methods: Data were derived from a prospective cohort study designed to characterize 
mechanisms responsible for sex based outcome differences post injury. Blunt injured 
patients requiring ICU admission were included. Isolated TBI, cord injury or patients on 
anticoagulation were excluded. TEG parameters (r, k-time, alpha angle, MA, G, L Y30) and sex 
hormone levels (estradiol, total testosterone) were obtained <6 hI'S and at 24 hrs post injury. 

Results: Males and females in the study cohort (n=208) were similar in injury severity, 
presenting vitals, GCS, 24 hour resuscitation/transfusion needs and presenting INR. Regression 
analysis demonstrated female sex was independently associated with hypercoaguable TEG 
parameters at 6 hours (R, k-time, MA, G) and at 24 hours (k-time, alpha angle) after controlling 
for important confounders. TEG based hypercoagulability in females was present irrespecitve of 
age (>/< 50yoa) and early estrogen levels (high/low). TEG based hypercoagulability in 
females was no longer apparent when early testosterone levels were elevated. 

Conclusions: Independent disparities exist in TEG parameters across males and females post
injury. These differences were apparent early and remained persistent with females 
demonstrating a hypercoaguable phenotype. The data suggest that early testosterone rather than 
age or estrogen levels may be playa role in these independent TEG based 
disparities across males and females post injury. 
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The early evolving sex hormone environment is associated
with significant outcome and inflammatory response

differences after injury

Samuel J. Zolin, Yoram Vodovotz, PhD, Raquel M. Forsythe, MD, Matthew R. Rosengart, MD, MPH,
Rami Namas, MD, Joshua B. Brown, MD, Andrew P. Peitzman, MD, Timothy R. Billiar, MD,

and Jason L. Sperry, MD, MPH, Pittsburgh, Pennsylvania

BACKGROUND: Clinical research characterizing the mechanisms responsible for sex-based outcome differences after injury remains
conflicting. Currently lacking is an understanding of the early sex hormone milieu of the injured patient and the effects these
early hormone differences have on clinical outcomes and the innate immune response following injury.

METHODS: A prospective cohort study was performed over a 20-month period. Blunt injury patients requiring intensive care unit ad-
mission were enrolled. Samples were collected within 6 hours and at 24 hours after injury and were analyzed for total tes-
tosterone (TT) and estradiol concentrations. Outcomes of interest included multiple-organ failure (MOF; Marshall Multiple
Organ Dysfunction Score [MODScore] 9 5), nosocomial infection (NI), mortality, and serial cytokine/chemokine mea-
surements. Multivariate logistic regression was used to determine the independent risks associated with early sex hormone
measurements.

RESULTS: In 288 prospectively enrolled patients, 69% were male, with a median Injury Severity Score (ISS) of 16 (interquartile range
10Y21). Elevated TT levels at 6 hours were associated with elevated interleukin 6 levels and cytokine/chemokine measure-
ments (18 of 24 measured). Rising TT levels were significantly associated with more than a fivefold and twofold higher
independent risk of MOFand NI, respectively (odds ratio [OR], 5.2; p = 0.02; 95% confidence interval [CI], 1.2Y22.3; and OR,
2.1; p = 0.03; 95% CI, 1.02Y4.2). At 24 hours, TT levels were no longer associated with poor outcome, while estradiol levels
were significantly associated with nearly a fourfold higher independent risk of MOF (OR, 3.9; p = 0.04, 95% CI, 1.05Y13).

CONCLUSION: Early elevations and increasing testosterone levels over initial 24 hours after injury are associated with an exaggerated in-
flammatory response and a significantly greater risk ofMOFandNI. High estrogen levels at 24 hours are independently associated
with an increased risk ofMOF. The current analysis suggests that an early evolving testosterone to estrogen hormonal environment
is associated with a significantly higher independent risk of poor outcome following traumatic injury. (J Trauma Acute Care Surg.
2015;78: 451Y458. Copyright * 2015 Wolters Kluwer Health, Inc. All rights reserved.)

LEVEL OF EVIDENCE: Prognostic/epidemiologic study, level II.
KEY WORDS: Testosterone; estrogen; multiple-organ failure; nosocomial infection; regression.

An important and persistent finding has been that males and
females respond differently following traumatic injury and

hemorrhagic shock, with a relative protection afforded to fe-
males.1,2 An increasing body of evidence from animal models
has revealed that sex hormones and or their derivatives play an

intricate role in the pathologic response to trauma hemorrhage.
Estrogen and testosterone in disparate ways have been shown to
influence the hemodynamic, immunologic, organ system, and
cellular responses to traumatic insult in animals.1Y10

The hormonal milieu of the proestrus female rodent has
been shown to be protective following trauma and hemorrhage,
whilemale sex steroids are associatedwithdeleterious effects.11Y13

The strength of these laboratory findings has even led some to
consider estrogen-based therapy as a possible therapeutic inter-
vention following traumatic injury in human patients.12,14

Despite this mounting evidence, clinical studies have been
unable to consistently reproduce these laboratory findings.15Y22

Recent prospective evidence, where sex hormone levels were
measured 48 hours following injury, provides compelling evi-
dence for estrogen (17A-estradiol [EST]) levels being associated
with a greater risk of mortality, a conclusion which contradicts
the majority of the experimental animal literature.23 Similar
findings for noninjured but critically ill patients have also been
reported.24,25 It remains unknown whether elevated endogenous
estrogens out from the time of injury (948 hours) are simply a
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marker or play a causal role for poor outcome.23Y25 Currently
lacking is an understanding of the early sex hormone milieu of
the injured patient (G6 hours from injury through 24 hours after
injury) and the effects early sex hormones have on clinical out-
comes and the immune response trajectory soon after injury.

In the present study, we sought to characterize the early
sex hormone environment and its independent association with
important clinical outcomes and the early innate immune re-
sponse after injury. We hypothesized that estrogen would be
associated with beneficial effects, while testosterone moieties
would be associated with poor outcome.

METHODS

A prospective observational cohort study was performed
over a 20-month period (February 2011 to October 12) with the
overarching goal of characterizing the mechanisms responsible
for sex (male vs. female)Ybased outcome differences following
traumatic injury. Inclusion criteria for the overall cohort study
included blunt injury patients 17 years or older requiring in-
tensive care unit (ICU) admission who arrived within 6 hours
of injury to obtain early blood samples. Patients older than
90 years, those with isolated traumatic brain injury (no other
injury identified other than brain injury), those with preexisting
immunosuppression, those with an anticipated survival of less
than 24 hours, or those patients where consent was unable to be
obtained were excluded from enrollment. Blood samples were
collected within 6 hours and again at 24 hours after injury and
were analyzed for sex hormones (total testosterone [TT] and
estradiol) and serial cytokine concentrations by specifically
trained staff.26 Clinical outcomes assessed included the de-
velopment of multiple-organ failure (MOF, Marshall Multiple
Organ Dysfunction Score [MODScore] 9 5), nosocomial in-
fection (NI), and in-hospital mortality.

Under the auspices of a waiver of initial consent (up to
48 hours), blood was obtained from enrolled patients upon
arrival or soon after within 6 hours from the time of injury and
again at 24 hours after injury in most patients. A 48-hour
window was approved to obtain consent for the use of samples
from the time of admission. All samples and datawere destroyed
if consent was unable to be obtained within the 48-hour widow.
Plasmawas separated fromwhole blood and stored atj70-C for
batched analysis. TT and EST levels were measured using high
sensitivity ELISA kits following the manufacturer’s directions
(Testosterone ELISA kit, catalog #ADI-900-176; 17A-estradiol
ELISA kit, catalog # ADI-900-174; ENZO Life Sciences, Inc.,
Farmingdale, NY). Human inflammatory MILLIPLEX MAP
Human Cytokine/Chemokine Panel-Premixed kits (catalog #
HCYTOMAG-60K and # HCYTOMAG-60K; Millipore Cor-
poration, Billerica,MA) and Luminex 100 IS (Luminex, Austin,
TX) were used to measure plasma levels of cytokines and
chemokines (interleukin 1A [IL-1A], IL-1RA, IL-2, sIL-2R>, IL-
4, IL-5, IL-6, IL-7, IL-8, IL-10, IL-13, IL-15, IL-17, interferonF,
IP-10, MIG, MIP-1>, MIP-1A, MCP-1, GM-CSF, Eotaxin, tu-
mor necrosis factor >, NO2/NO3, and interferon >) per the
manufacturer’s directions.

Sex hormone variables for TT and ESTwere first dichot-
omized at their median values into high and low groups. Sex
hormone levels were further categorized over time into groups of

less than 6 hours (G6HR), 24 hours (24HR), and additionally
a group where hormone measurements were increasing be-
tween 6HR and 24HRmeasurements (rising). Finally, EST/TT
ratios were also characterized and used for the cytokine and
outcome analyses.

MOF was evaluated using the well-validated Marshall
MODScore.27Y29 A MODScore greater than 5 beyond 48 hours
from injury was classified as MOF. Primary nosocomial infec-
tious outcomes of interest included ventilator-associated pneu-
monia, blood stream infection (excluding those associated with
an intra-abdominal abscess), and urinary tract infections.30These
were selected in attempts to use those infectious outcomes,which
can be used as a marker for the degree of relative immune
dysregulation/suppression. The development of these NIs was
based on positive culture evidence. Diagnosis of a ventilator-
associated pneumonia required a quantitative culture threshold
of equal to or greater than 104 colony-forming units (CFU) per
milliliter from bronchoalveolar lavage specimens. Diagnosis of
catheter-related blood stream infections requires positive pe-
ripheral cultures with an identical organism obtained from either
a positive semiquantitative culture (915 CFU per segment) or a
positive quantitative culture (9103 CFU per segment) from a
catheter segment specimen. Urinary tract infections required
greater than 105 organisms per milliliter of urine.

First, male and female patients underwent unadjusted
comparison of demographics, injury characteristics, resusci-
tation and transfusion requirements, clinical outcomes, and sex
hormones. Correlation analysis was then performed between
sex hormone levels and cytokine/chemokine measurements
following variable log transformation. Finally, multivariable
logistic regression analysis was then used to determine the
independent odds of our clinical outcomes associated with sex
hormone levels (high vs. low) after adjusting for important
confounders. Covariates adjusted for in the regression model
included age (950 years or e50 years), sex, Injury Severity
Score (ISS), emergency department systolic blood pressure
(SBP), emergency department Glasgow Coma Scale score
(GCS score 9 8 or GCS score e 8), intubation status (yes/no),
presenting coagulopathy (international normalized ratio 9 1.3,
yes/no), 6-hour or 24-hour crystalloid and blood component
transfusion requirements (packed red blood cells, fresh frozen
plasma, platelets), body mass index, and oral contraceptive use
(yes/no).

Mortality was used as the primary outcome to determine
our sample size because this is the most stringent outcome to
occur relative to the development of MOF and NI. Based on
trauma admissions to the ICU at the University of Pittsburgh
and with the use of similar inclusion and exclusion criteria, for
a similarly injured cohort as proposed, the mortality rate overall
was 10%. Based on these projections, an allocation ratio of
0.10 (survivor vs. nonsurvivor) was used for sample size es-
timation. Based on the previous literature23,24 where serum
levels of EST in both males and females were found to be
significantly associated with mortality; survivors-[EST] = 32.4
(50) pg/mL vs. nonsurvivors-[EST] = 66.9 (70) pg/mL, with
an > = 0.05 and a A = 0.20, our projected sample size using
a two-sided Mann-Whitney U-test was 320 patients.

All datawere summarized asmean (SD),median (interquartile
range [IQR]), or percentage. Student’s t or Mann-Whitney
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statistical tests were used to compare continuous variables,
while12 or Fisher’s exact test was used for categorical variables.
A p e 0.05 was considered statistically significant. The institu-
tional review board at the University of Pittsburgh approved
this study.

RESULTS

During a 20-month period, more than 2,000 patients were
screened, with 288 patients being prospectively enrolled and
consented who met all inclusion and exclusion criteria and
underwent early (G6HR) blood sampling from the time of in-
jury (Fig. 1). This cohort of patients was 69% male, with a
mean (SD) age of 50 (18) years, and constituted a moderately
injured study cohort, with a median ISS of 16 (IQR, 10Y21).
More than 31% of the patients required blood transfusion in the
first 24 hours, with the prevalence of MOF, NI, and in-hospital
mortality being 13.6%, 29.9%, and 3.1%, respectively. Impor-
tantly, 24HR sample collection was attempted for all enrolled
patients but were only able to be obtained in 237 patients,
representing an 82% patient sample follow-up rate.

Males and females were statistically similar in age, injury
severity, presenting injury characteristics, transfusion and resus-
citation requirements, and important clinical outcomes (Table 1).
Interestingly, there were no statistical differences in G6HR sex
hormone measurements for either EST or TT as continuous var-
iables across males or females. Males were, however, more likely
tohavepneumonia as a subtypeofNI, despiteNIsoverall not being
different across the groups.

When G6HR sex hormone levels were dichotomized into
high and low groups based on the median of the measurement

distribution, there was no statistical differences in early EST
levels, early TT levels, or the EST/TT ratio across males and
females (Table 2). To verify that EST and TT measurements
were not concurrently elevated and colinear, we verified that
more than 36% of the patients had either high TTwith low EST
measurements or vice versa irrespective of male or female sex
(p G 0.001). We similarly found no significant differences in
G6HR sex hormones (EST, TT) across age (e50 years vs. 950
years, EST, p = 0.444; TT, p = 0.958) or when further stratified
by male or female sex.

When high and low sex hormone and IL-6 cytokine levels
were compared, both early (6 hours) and 24-hour high TT
were significantly associatedwith elevated IL-6 levels (p=0.015,
p = 0.004), while no significant relationship was found between
IL-6 levels and EST. When correlation analysis of TT, EST, and
24 cytokine/chemokine levels were performed following log
transformation for normality considerations, no significant cor-
relations were found for G6HR EST, rising EST, or 24HR EST
with any of the measured cytokine/chemokine levels. Similar
results were found when correlation analysis was performed
between cytokine/chemokine levels andEST/TTratio at any time
point. Interestingly, when G6HR TT levels were correlated with
cytokine/chemokine levels, 3 of the 24 measurements demon-
strated a significant correlation (IP10, MIP-1>, and MIP-1A).
When rising TT levels were analyzed, the majority (16 of 24)
of the cytokine/chemokine panels were significantly corre-
lated (positive correlation) with rising TT levels. When 24HR
TT levels underwent correlation analysis, the majority (16
of 24) of cytokine/chemokine measurements again were signifi-
cantly correlated (positive correlation) but with higher Pearson
correlation coefficients in all cases, consistent with a greater

Figure 1. Study cohort enrollment diagram.
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magnitude of correlation (Supplemental Digital Content 1,
http://links.lww.com/TA/A524).

Our regression models were excellent predictors of our
primary outcomes based on the area under the curve from
receiver operating characteristic curves and demonstrated ad-
equate diagnostics (Table 3). After controlling for important
confounders, logistic regression analysis demonstrated no
significant independent relationship between G6HR TT levels
or G6HR EST and the development of MOF, NI, or in-hospital
mortality (Figs. 2 and 3). When the analysis focused on hor-
mone levels, which increased between the early and 24-hour
period, rising TT levels were significantly associated with
more than a fivefold and a twofold higher independent odds of
MOF and NI, respectively (odds ratio [OR], 5.2; p = 0.02; 95%
confidence interval [CI], 1.2Y22.3; and OR, 2.1; p = 0.03; 95%
CI, 1.02Y4.2). Rising EST levels were associated with a
threefold higher odds of MOF, but this relationship failed to
reach statistical significance (OR, 3.0; p = 0.089; 95% CI,

0.85Y10). Interestingly, at the 24HR time point, TT levels
were no longer significantly associated with the development
of MOF or NI, while EST levels were significantly associated
with almost a fourfold higher independent odds of MOF (OR,
3.9; p = 0.04; 95% CI, 1.05Y13) at this time point.

DISCUSSION

Significant advances in trauma care delivery and post-
injury management practices have occurred during the last de-
cade, yet patients who survive their initial injury continue to be
plagued with the development of sepsis and MOF and their at-
tributable morbidity and mortality.27,31Y35 Despite a significant
increase in our basic understanding of these detrimental out-
comes, a dearth of effective interventions exist. An important and
persistent literature finding, with possible therapeutic potential,
has been that males and females respond differently following
traumatic injury and hemorrhagic shock.1,17,18 A growing body
of evidence from animal models suggests that this dimorphic

TABLE 1. Unadjusted Comparison of Male and Female Demographics, Injury Characteristics, Resuscitation Needs, and
Clinical Outcomes

Males (n = 197) Females (n = 91) P

Age, mean (SD), y 54 (18) 50 (18) 0.060

ED SBP, mean (SD), mm Hg 131 (27) 126 (29) 0.085

ED hypotensive (SBP G 90 mm Hg), % 8.1 10.0 0.601

ED GCS score, median (IQR) 15 (14Y15) 15 (15Y15) 0.446

ED GCS score G 8, % 16.8 15.6 0.800

ISS, median (IQR) 17 (10Y22) 14 (10Y19) 0.450

ISS 9 16, % 51.3 45.6 0.386

ED intubation status, yes, % 13.7 11.2 0.573

Presenting coagulopathy (international normalized ratio 9 1.3), % 17.9 24.6 0.221

Body mass index, mean (SD) 29.1 (7) 28.3 (7) 0.153

ICU days, mean (SD) 6.1 (6) 5.0 (6) 0.183

Length of stay ICU 11.7 (9) 11.2 (9) 0.685

24-h crystalloid, mean (SD), mL 3,593 (2,527) 3,354 (1,963) 0.428

24-h blood transfusion, mean (SD), mL 509 (1,244) 445 (895) 0.493

24-h plasma transfusion, mean (SD), mL 264 (978) 158 (520) 0.335

24-h platelet transfusion, mean (SD), mL 92 (284) 41 (187) 0.109

Massive transfusion (Q10 U packed red blood cells in 24 h), % 5.6 2.2 0.204

NI, % 30.5 27.8 0.645

Pneumonia, % 23.4 13.3 0.050*

MOF, % 14.7 11.1 0.408

Mortality, % 4.1 1.1 0.183

6-h TT, mean (SD), pg/mL 38.4 (44) 33.6 (16) 0.315

6-h EST, mean (SD), pg/mL 44.2 (38) 41.2 (22) 0.849

TABLE 2. Dichotomized Sex Hormone Levels (High vs. Low)
for Early (G6HR) Sex Hormone Level Compared Across Males
and Females

Early (G6HR) Sex Male Female

Hormone Measurements (n = 288) (n = 197) (n = 90) p

High EST 52.2% 49.2% 0.639

High TT 48.9% 50.3% 0.830

High EST/TT ratio 48.7% 53.3% 0.469

TABLE 3. Logistic Regression Model Diagnostics

Logistic Regression
Model Outcome

AUC via ROC
Curve Analysis Hosmer-Lemeshow

Mortality 0.969 0.840

MOF 0.898 0.559

NI 0.760 0.463

AUC, area under the curve; ROC, receiver operating characteristic.
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response following trauma and hemorrhage is hormonally based
(estrogen, testosterone, or their derivatives).4,6,36 Despite these
advancements in our understanding, clinical studies have been
unable to consistently reproduce these laboratory findings and
have provided clinical evidence that contradicts the majority of
animal literature.23Y25 Lacking until this time has been a clear
understanding of the early sex hormone environment, which
potentially has effects on clinical outcomes, and the early im-
mune response trajectory, which follows traumatic injury. The
results of the current analysis demonstrate that despite a paucity
of sex-specific differences in a moderate-sized blunt injury co-
hort of patients, the evolving sex hormone environment after
injury is associated with both clinical outcome and innate im-
mune response differences soon after injury. Despite sex hor-
mones varying little acrossmale and female sex early on (G6HR),
these sex hormoneYspecific associations were strong and inde-
pendent of important confounders. Early and rising testosterone
levels were found to be significantly associated with an exag-
gerated cytokine/chemokine response and detrimental clinical
outcomes, which diminished in strength over time up until
24 hours after injury. Concurrently, estrogen levels were found to
be strongly associated with detrimental clinical outcome at the
delayed 24-hour period alone.

These results correspond and add further understanding
to the previous literature, which has demonstrated that estrogen
is associated with mortality and poor outcome irrespective of
male or female sex at 48 hours out from injury or sepsis.23Y25

These results provide insight into the possible mechanisms by
which the sex-basedoutcomedifferences after injury comeabout.2

Essential to understanding these associations is the fact that pe-
ripheral conversion of androgens to estrogens can occur via in-
creased aromatase activity and may be stimulated by the early
cytokine response, which complicates traumatic injury.37Y39 The
current results suggest that early testosterone may be associated
with an exaggerated innate immune response and an early
evolving testosterone to estrogen hormonal environment is as-
sociated with a significantly higher independent risk of poor
outcome following traumatic injury.

The potential implications of these results may bridge the
current ‘‘bench to bedside divide’’2 in our understanding of

experimental animal evidence, suggesting testosterone’s det-
rimental effects following hemorrhagic shock and the clinical
evidence in humans demonstrating the negative associations of
estrogen. Although the current results cannot imply causation
and although peripheral conversion of testosterone to estrogen
was not measured, the strength of the independent findings in a
relatively small, moderately injured cohort of patients does
provide strength to the validity of these associations and pro-
vides the impetus to further study these relationships to de-
termine if a therapeutic benefit can be derived from sex
hormone therapy following injury.

The current analysis has several limitations that deserve
discussion. First, the potential for selection and survivor bias
exist, despite all attempts to minimize such difficulties, because
of the nonrandomized enrollment. Although the data collected
for the prospective cohort analysis were extensive, potential
unknown or unmeasured confounding variables may be re-
sponsible for the associations described and the conclusions
formulated. Prehospital medicines that may interfere with sex
hormone measurements were prospectively collected and con-
trolled for in the analysis, but unknown or undocumented
medicines remain a potential confounder for the analysis. There
was a lower-than-expected incidence of the selected pertinent
outcomes of the study including MOF and mortality, which can
have an exaggeratory effect on the ORs presented in certain
circumstances. Despite showing a robust association with MOF
and NI, no relationship was found between sex hormone levels
and mortality. Importantly, it has been previously demonstrated
that a large portion of the most critically injured patients expe-
rience mortality relatively early, commonly within the first
24 hours to 48 hours.40 Because of the requirement of informed
consent, the most critically ill patients had a lower consent rate
significantly reducing the incidence of mortality for the study
cohort. Although the G6HR early cytokine expression mea-
surements that were performed represents a relatively early time
point comparedwithmost other studies, this may still represent a
delayedmeasurement for cytokine/chemokine expression,which
drives the development of MOF, NI, and mortality. The time of
sample obtainment in the 6-hour inclusion criteria window was

Figure 2. Forest plot depicting independent odds of MOF
associated with early, increasing, and 24-hour TT levels.

Figure 3. Forest plot depicting independent odds of MOF
associated with early, increasing and 24-hour total EST levels.
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not recorded and potentially may confound these early mea-
surements and result in a time bias. There also existed a reduction
or drop off in the number of samples collected from the enrolled
288 patients at the G6HR period to 237 samples at the 24HR
period. The potential exists that the 18% of measurements could
alter the reported results and conclusions of the study. Interest-
ingly, there existed no differences in early sex hormone mea-
surements across males and females. Similarly, there were no
differences found across age (G50 years or Q50 years) when
compared. Despite this lack of hormone differences, there
existed strong clinical associations for the sex hormone levels
themselves. The study may be underpowered to see these sex-
and age-based hormonal differences. The menstrual cycle sta-
tus or themenopausal statuswas not obtained from females in the
study cohort. Differences in these cycles and periods in females
may result in spurious modeling and alter the significance of
these findings and limit the applicability to other studies. Finally,
this study was performed at a single Level I trauma center and
may not be generalizable or pertinent to other centers with dif-
fering admission demographics, injury characteristics, or man-
agement practices.

In conclusion, early (G6 hours) elevations and increasing
testosterone levels over the initial 24 hours are associated with
an exaggerated inflammatory response and a significantly
greater independent odds of MOF and NI. By 24 hours after
injury, however, testosterone is no longer significantly asso-
ciated with poor outcome. Early elevations and increasing
estrogen levels were not associated with differences in the early
inflammatory response or a significant greater odds of poor
outcome, but estrogen levels at 24 hours after injury are in-
dependently associated with a greater odds of MOF. These
results suggest that an early evolving testosterone to estrogen
hormonal environment over the initial 24 hours after injury has
the potential to predict clinical outcome trajectory. These sex
hormone changes may in part be responsible for sex-based
outcome differences following traumatic injury. Higher-level
studies are required to determine if these sex hormone
changes play a causal role in these outcome differences and
whether therapeutic potential exist via their actions.

AUTHORSHIP

S.J.Z. and J.L.S. designed the study and performed the literature search,
data collection, and data analysis. S.J.Z., Y.V. J.B.B., M.R.R., R.M.F., and
J.L.S. participated in the initial manuscript preparation. All authors con-
tributed to the data interpretation and critical revision of the manuscript.

DISCLOSURE

This work was funded by NIH NIGMS K23GM093032 and Award # NTI-
NTI-TRA-09-030 from the National Trauma Institute and sponsored by
the Department of the Army, # W81XWH-10-1-0924. The US Army
Medical Research Acquisition Activity, 820 Chandler Street, Fort Detrick,
MD 21702Y5014, is the awarding and administering acquisition office.

REFERENCES
1. Choudhry MA, Bland KI, Chaudry IH. Gender and susceptibility to sepsis

following trauma. Endocr Metab Immune Disord Drug Targets. 2006;6(2):
127Y135.

2. Sperry JL, Minei JP. Gender dimorphism following injury: making the
connection from bench to bedside. J Leukoc Biol. 2008;83(3):499Y506.

3. Angele MK, Knoferl MW, Ayala A, Bland KI, Chaudry IH. Testosterone
and estrogen differently effect Th1 and Th2 cytokine release following
trauma-haemorrhage. Cytokine. 2001;16(1):22Y30.

4. Angele MK, Schwacha MG, Ayala A, Chaudry IH. Effect of gender and sex
hormones on immune responses following shock. Shock. 2000;14(2):81Y90.

5. Angele MK, Ayala A, CioffiWG, Bland KI, Chaudry IH. Testosterone: the
culprit for producing splenocyte immune depression after trauma hem-
orrhage. Am J Physiol. 1998;274(6 Pt 1):C1530Y1536.

6. Angele MK, Ayala A, Monfils BA, Cioffi WG, Bland KI, Chaudry IH.
Testosterone and/or low estradiol: normally required but harmful immuno-
logically for males after trauma-hemorrhage. J Trauma. 1998;44(1):78Y85.

7. JarrarD,WangP,CioffiWG,BlandKI,Chaudry IH. The female reproductive
cycle is an important variable in the response to trauma-hemorrhage. Am J
Physiol Heart Circ Physiol. 2000;279(3):H1015Y1021.

8. Knoferl MW, Jarrar D, Angele MK, et al. 17 beta-Estradiol normalizes
immune responses in ovariectomized females after trauma-hemorrhage.
Am J Physiol Cell Physiol. 2001;281(4):C1131Y1138.

9. Choudhry MA, Schwacha MG, Hubbard WJ, et al. Gender differences in
acute response to trauma-hemorrhage. Shock. 2005;24(Suppl 1):101Y106.

10. Yang S, Hu S, Chen J, et al. Mechanism of hepatoprotection in proestrus
female rats following trauma-hemorrhage: heme oxygenase-1Yderived nor-
malization of hepatic inflammatory responses. J Leukocyte Biol. 2009;85:
1015Y1026.

11. Knoferl MW, SchwachaMG, Jarrar D, et al. Estrogen pretreatment protects
males against hypoxia-induced immune depression. Am J Physiol Cell
Physiol. 2002;282(5):C1087Y1092.

12. Jarrar D, Wang P, Knoferl MW, et al. Insight into the mechanism by which
estradiol improves organ functions after trauma-hemorrhage. Surgery.
2000;128(2):246Y252.

13. Angele MK, Wichmann MW, Ayala A, Cioffi WG, Chaudry IH. Testos-
terone receptor blockade after hemorrhage in males. Restoration of the
depressed immune functions and improved survival following subsequent
sepsis. Arch Surg. 1997;132(11):1207Y1214.

14. Chaudry IH, Samy TS, Schwacha MG, Wang P, Rue LW 3rd, Bland KI.
Endocrine targets in experimental shock. J Trauma. 2003;54(5 Suppl):
S118Y125.

15. Wichmann MW, Inthorn D, Andress HJ, Schildberg FW. Incidence and
mortality of severe sepsis in surgical intensive care patients: the influence
of patient gender on disease process and outcome. Intensive Care Med.
2000;26(2):167Y172.

16. Offner PJ, Moore EE, Biffl WL. Male gender is a risk factor for major in-
fections after surgery.Arch Surg. 1999;134(9):935Y938 discussion 938Y940.

17. George RL, McGwin G Jr, Metzger J, Chaudry IH, Rue LW 3rd. The
association between gender and mortality among trauma patients as
modified by age. J Trauma. 2003;54(3):464Y471.

18. Gannon CJ, Pasquale M, Tracy JK, McCarter RJ, Napolitano LM. Male
gender is associated with increased risk for postinjury pneumonia. Shock.
2004;21(5):410Y414.

19. Eachempati SR, Hydo L, Barie PS. Gender-based differences in outcome
in patients with sepsis. Arch Surg. 1999;134(12):1342Y1347.

20. Croce MA, Fabian TC, Malhotra AK, Bee TK, Miller PR. Does gender
difference influence outcome? J Trauma. 2002;53(5):889Y894.

21. Coimbra R, Hoyt DB, Potenza BM, Fortlage D, Hollingsworth-Fridlund P.
Does sexual dimorphism influence outcome of traumatic brain injury
patients? The answer is no!. J Trauma. 2003;54(4):689Y700.

22. Rappold JF, Coimbra R, Hoyt DB, et al. Female gender does not protect
blunt trauma patients from complications and mortality. J Trauma. 2002;
53(3):436Y441 discussion 441.

23. Dossett LA, Swenson BR, Heffernan D, et al. High levels of endogenous
estrogens are associated with death in the critically injured adult. J Trauma.
2008;64(3):580Y585.

24. Dossett LA, Swenson BR, Evans HL, Bonatti H, Sawyer RG, May AK.
Serum estradiol concentration as a predictor of death in critically ill and
injured adults. Surg Infect (Larchmt). 2008;9(1):41Y48.

25. May AK, Dossett LA, Norris PR, et al. Estradiol is associated with
mortality in critically ill trauma and surgical patients.Crit CareMed. 2008;
36(1):62Y68.

J Trauma Acute Care Surg
Volume 78, Number 3Zolin et al.

456 * 2015 Wolters Kluwer Health, Inc. All rights reserved.

Copyright © 2015 Wolters Kluwer Health, Inc. All rights reserved.



26. Early BJ, Huang DT, Callaway CW, et al. Multidisciplinary acute care
research organization (MACRO): if you build it, they will come. J Trauma
Acute Care Surg. 2013;75(1):106Y109.

27. Carrico CJ, Meakins JL, Marshall JC, Fry D, Maier RV. Multiple-organ-
failure syndrome. Arch Surg. 1986;121(2):196Y208.

28. Marshall JC. Organ dysfunction as an outcome measure in clinical trials.
Eur J Surg Suppl. 1999;584:62Y67.

29. Marshall JC, Cook DJ, Christou NV, Bernard GR, Sprung CL, SibbaldWJ.
Multiple organ dysfunction score: a reliable descriptor of a complex
clinical outcome. Crit Care Med. 1995;23(10):1638Y1652.

30. Minei JP, Nathens AB, West M, et al. Inflammation and the Host Response
to Injury, a Large-Scale Collaborative Project: patient-oriented research
coreVstandard operating procedures for clinical care. II. Guidelines for pre-
vention, diagnosis and treatment of ventilator-associated pneumonia (VAP) in
the trauma patient. J Trauma. 2006;60(5):1106Y1113 discussion 1113.

31. Baue AE, Durham R, Faist E. Systemic inflammatory response syndrome
(SIRS), multiple organ dysfunction syndrome (MODS), multiple organ
failure (MOF): are we winning the battle? Shock. 1998;10(2):79Y89.

32. Manship L, McMillin RD, Brown JJ. The influence of sepsis and
multisystem and organ failure on mortality in the surgical intensive care
unit. Am Surg. 1984;50(2):94Y101.

33. Nathens AB, Marshall JC. Sepsis, SIRS, and MODS: what’s in a name?
World J Surg. 1996;20(4):386Y391.

34. Roumen RM, Redl H, Schlag G, et al. Inflammatory mediators in relation
to the development of multiple organ failure in patients after severe blunt
trauma. Crit Care Med. 1995;23(3):474Y480.

35. Sauaia A, Moore FA, Moore EE, et al. Epidemiology of trauma deaths: a
reassessment. J Trauma. 1995;38(2):185Y193.

36. Catania RA, Angele MK, Ayala A, Cioffi WG, Bland KI, Chaudry IH.
Dehydroepiandrosterone restores immune function following trauma-haemorrhage
by a direct effect on T lymphocytes. Cytokine. 1999;11(6):443Y450.

37. Spratt DI, Morton JR, Kramer RS,Mayo SW, Longcope C, Vary CP. Increases
in serum estrogen levels duringmajor illness are caused by increased peripheral
aromatization. Am J Physiol Endocrinol Metab. 2006;291(3):E631Y638.

38. Simpson ER, Merrill JC, Hollub AJ, Graham-Lorence S, Mendelson CR.
Regulation of estrogen biosynthesis by human adipose cells. Endocr Rev.
1989;10(2):136Y148.

39. Simpson ER. Aromatase: biologic relevance of tissue-specific expression.
Semin Reprod Med. 2004;22(1):11Y23.

40. Gunst M, Ghaemmaghami V, Gruszecki A, Urban J, Frankel H, Shafi S.
Changing epidemiology of trauma deaths leads to a bimodal distribution.
Proc (Bayl Univ Med Cent). 2010;23(4):349Y354.

DISCUSSION
Dr. Reuven Rabinovici (Boston, Massachusetts): Be-

fore I discuss this paper I would like to congratulate the pre-
senter, Samuel Zolin, who is a medical student, for being
courageous enough to present his work at AAST. I hope he will
continue to conduct trauma-related research and wish him
success in these efforts.

Now, as a husband and father of three daughters I pretty
quickly noticed that there are differences between males and
females. As we all know, some of these differences are quite
obvious. However, whether males and females respond dif-
ferently to traumatic injury is not one of those.

In fact, in detailed review of the papers investigating
this topic reveals nothing short of chaos and demonstrates
conflicting reports on all aspects of potential trauma-related
gender differences. Citing the many contradictory papers is
beyond the scope of my discussion today. However, to spice
it up I will quote some of the reported conclusions.

One study concluded that, ‘‘Ithese data suggest that
gender has no relationship to mortality in blunt trauma

patientsI’’, while another study summarized that, ‘‘Ifemales
aged between 13 and 64 years exhibit significantly lower
mortality than males after trauma-associated shock.’’ Another
study determined ‘‘Igender does not play a role in post-
traumatic mortality or in the incidence of acute complications
after any degree of traumatic brain injury.’’ In contrast, other
authors reported that female gender is independently associated
with reduced mortality and decreased complications after TBI.
And the list goes on and on.

So it is within this context that the authors aim to further
investigate this complex topic by establishing the testosterone
and estradiol profile during the first 24 post-injury hours in
ICU blunt trauma patients. They also recorded multiple organ
failure, nosocomial infection, and mortality rates as well as
the serum levels of proinflammatory mediators. Lastly, they
used multivariate logistic regression to identify which of the
above influences is associated with the hormonal profile they
described.The authors report that elevated testosterone within
the initial six hours was associated with increased rate of
multiple organ failure and nosocomial infection as well as
an enhanced inflammatory response. They also stated that the
24-hour estradiol were associated with higher risk of multiple
organ failure. I have four questions to the authors.

1. How do your data help put in order in the disorder I just
described?

2. You did not find inter-gender and age-related hormonal dif-
ferences. How do you explain that?

3. You did not find correlation between the hormonal profile
and mortality, the ultimate outcome parameter. How do you
explain that?

And, lastly, do you have any information to suggest
whether the hormonal profile you described is responsible for
or a marker of outcome?

In summary, this is a well-designed study. However, it
seems to add more confusion to an already complex and much-
debated topic. I congratulate the group from Pittsburgh for their
continuous efforts to identify yet another difference between
males and females and thank the association for the privilege
of the floor.

Dr. Carl J. Hauser (Boston, Massachusetts): Thank you.
Very nice paper. I’d like to ask whether the authors think that
testosterone is an acute phase respondent here or whether
one of the enzymes in the peripheral aromatase pathway may
be, for instance, a negative acute phase respondent, perhaps
under the influence of IL-6.

Dr. David Livingston (Newark, New Jersey): Yes, very
nicely done. Very nicely presented as a student. Great job. We
showed that being female and young you seem to be a lot more
resistant to shock. That’s really what a lot of the experimental
studies did.

Did you look at differences in blood utilization, lactate,
and base deficit? Were there any between some of your younger
females and males eventually leading on to organ failure?

And, as you nicely showed, the milieu is kind of very
complicated but at least early on, the females appear to be more
resistant to shock.
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Mr. Samuel J. Zolin (Pittsburgh, Pennsylvania): Thank
you very much for these questions. With regard to what exactly
this adds to our knowledge base and what it might clarify re-
garding the early sex hormone environment and outcomes,
this study provided a much earlier measurement of serum sex
hormones than previous work had done.

As I mentioned, previous work at 48 hours following
injury had demonstrated poor outcome with differences in
hormonal status.

We demonstrated that an evolving hormonal profile
over the first 24 hours following injury may be associated with
poor outcome.

Measurement of hormone level at earlier time points, as
we did in this study, may reduce the confounding effect that
peripheral aromatization may play, although we did not make
any direct measurement of peripheral aromatization within
subjects in this study.

To answer the line of questioning regarding testoster-
one’s role as either being a marker of poor outcome versus a
driver of poor outcome following injury, I believe further re-
search is needed.

While we demonstrated significant associations between
testosterone level at different time points and markers of the
innate immune response and poor clinical outcome, this was a
strictly observational study.

While we attempted to obtain blood samples from pa-
tients as soon as possible following injury in order to charac-
terize their baseline hormonal status, which should give a more
clear picture of the role of these hormones as markers or
causative factors, it is possible that changes in hormone level
begin very early after injury, perhaps even earlier than we
accounted for.

It’s worth recalling that animal studies do support a causa-
tive role for testosterone in poor outcome following trauma.

An interventional study of androgen modulation fol-
lowing trauma in humans would likely provide the most con-
clusive evidence regarding testosterone’s role in outcome
following injury.

With regard to the question of why there was no dem-
onstrated difference between men and women with respect to
sex hormone levels in this study, this is one of the first studies
to analyze the early sex hormone environment following in-
juries in humans.

It may be that alternations of sex hormone levels fol-
lowing injury occur very soon after injury, even earlier than the
six-hour window from injury to sampling that we used.

It may also be that lack of information regarding men-
strual and menopause status of females in this study was a
confounder.

Finally, regarding the question of mortality as an out-
come, our analysis demonstrated no statistically significant
difference with regard to the incidence of mortality based on
hormone level.

This aspect of our study may have been influenced by the
fact that there was a lower-than-expected consent rate for those
with early mortality in our study population.

It is possible that with a higher incidence of in-hospital
mortality, a hormone-based relationship would have become
apparent.

Of course, it is also possible that a hormone-associated
relationship with mortality following injury does not exist in
humans.

Thank you again for your attention and for the oppor-
tunity to present today.
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Introduction: Because consent for research is impossible in emergencies, the 

FDA established an Exception from Informed Consent (EFIC) Policy 

mandating "community consultation". This study investigates trauma 

"community" attitudes regarding EFIC and willingness to participate. 

Methods: In the context of an upcoming trial, trauma pts, family and 

community members were asked to rank statements regarding EFIC and 

willingness to participate in emergency research (WILLINGNESS) using a 5 

point Likert Scale. Higher total scores reflected a more positive attitude 

regarding EFIC (range 4-20, neutral=12) and WILLINGNESS (range 19-95, 

neutral=57). The influence of demographics, education, and interpersonal 

violence were evaluated by Kruskall-Wallis and Mann Whitney (p<0.05). 

Results: Overall, the 309 participants (trauma pts=172, family=73, 

community=64) were positive about EFIC (median 16 (IQR 14-18)) and 

demonstrated high WILLINGNESS scores (median 75 (IQR 69-81)). EFIC 

and WILLINGNESS were not influenced by age, sex, race, or education. 

Victims of interpersonal violence and their family members had lower EFIC 

scores than those with other mechanisms (median 16 (IQR 14-18) vs 16 (IQR 

13-16), p=0.04), but similar WILLINGNESS. Although EFIC scores were 

similar between groups, trauma pts had significantly lower WILLINGNESS 

than family (median 74 (IQR 68-77) vs 77 (IQR 70-85), p=0.03) and 

community members (median 76 (IQR 70-840, p=0.01). 

Conclusion: Trauma pts, their families, and the surrounding geographic 

community expressed a high degree of support for EFIC and willingness to 

participate in emergency research, although support was influenced by injury 

mechanism and group status. Consultation efforts for emergency research 

should extend beyond the geographic "community" to include trauma victims 

and their families. 
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Exception from informed consent for emergency
research: Consulting the trauma community

Carrie A. Sims, MD, MS, Joshua A. Isserman, MS, Daniel Holena, MD, Latha Mary Sundaram, MBBS,
Nikolai Tolstoy, MS, Sarah Greer, MD, MPH, Seema Sonnad, PhD, Jose Pascual, MD, PhD,

and Patrick Reilly, MD, Philadelphia, Pennsylvania

BACKGROUND: Research investigating the resuscitation and management of unstable trauma patients is necessary to improve care and save
lives. Because informed consent for research is impossible in emergencies, the Federal Drug Administration has established an
Exception from Informed Consent (EFIC) Policy that mandates ‘‘community consultation’’ as a means of protecting patient
autonomy.Wehypothesized that the traumacommunity represents a heterogeneous populationwhose attitudes regardingEFIC and
willingness to participate in emergency research are influenced by status as a patient, family, or geographic community member.

METHODS: In the context of an upcoming trial, trauma patients as well as family and community members were asked to rank statements
regarding EFIC and willingness to participate in emergency research using a 5-point Likert-type scale. Higher total scores
reflected a more positive attitude regarding EFIC (range, 4Y20; neutral = 12) andwillingness (range, 21Y105, neutral = 63). The
influence of demographics, education, and interpersonal violence were evaluated by Kruskal-Wallis and Mann-Whitney U-
tests (p G 0.05).

RESULTS: Overall, the 309 participants (trauma patients, n = 172; family, n = 73; community, n = 64) were positive about EFIC (median,
16; interquartile range, [IQR], 14Y18) and demonstrated high willingness scores (median, 82; IQR, 76Y88.5). EFIC and
willingness were not influenced by age, sex, race, or education. Victims of interpersonal violence and their family members
had lower EFIC scores than those with other mechanisms (median [IQR], 16 [14Y18] vs. 16 [13Y16]; p = 0.04) but similar
willingness. Although EFIC scores were similar between groups, trauma patients had significantly lower willingness than
family (median [IQR], 74 [68Y77] vs. 77 [70Y85]; p = 0.03) or community members (median [IQR], 76 [70Y84]; p = 0.01).

CONCLUSION: Trauma patients, families, and the geographic community expressed a high degree of support for EFIC and willingness to
participate in emergency research, although support was influenced by injury mechanism and group status. Consultation
efforts for emergency research should extend beyond the geographic community to include trauma victims and their
families. (J Trauma Acute Care Surg. 2013;74: 157Y166. Copyright * 2013 by Lippincott Williams & Wilkins)

LEVEL OF EVIDENCE: Epidemiologic, level III.
KEY WORDS: Emergency research; EFIC; consent; community.

Trauma surgeons need valid evidence to assure patients,
families, and the society that patients with life-threatening

injuries receive safe and effective interventions. Given the
physiologic complexity of trauma, the best way to demonstrate
therapeutic benefit and safety is through human subject re-
search. Ideally, such clinical research should only be conducted
when the patient has had the opportunity to carefully evaluate
the risks and benefits and can provide informed consent be-
fore enrollment.1 In trauma, however, many research ques-
tions concern the initial resuscitation and management of
unstable patients who, by virtue of their injuries, are incapa-
ble of providing informed consent. Moreover, identifying

potential subjects a priori or their legally authorized repre-
sentatives (LARs) in a timely fashion may not be practical in
most circumstances.2,3

Conducting emergency research, therefore, poses a sub-
stantial ethical challenge: how to balance respect for human
autonomy with the potential for medical progress. Recogniz-
ing this potential conflict, the Federal Drug Administration
(FDA) established anException from InformedConsent (EFIC)
policy in 1996.4 Under the most current guidelines, emergency
research using EFICmay only be conducted in unexpected, life-
threatening circumstances where (1) the patient is incapaci-
tated, (2) available treatments are unproven or unsatisfactory,
(3) the proposed intervention may benefit the patient directly,
and (4) the therapy must be initiated before consent from the
LAR is feasible. To further safeguard patient autonomy, the
FDA requires several other protective measures including
the mandate for ‘‘community consultation’’ (Table 1).5

The FDA requirement of community consultation, how-
ever, remains poorly defined and variably interpreted by both
researchers and institutional review boards (IRBs).6Y15 Because
each potential emergency research protocol draws on a uniquely
different ‘‘community,’’ it is essential that researchers consult with
the ‘‘community’’ from which the subjects will be drawn to truly
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engage in the consultation process. While defining the commu-
nity of interest may be themost obvious first step, it is perhaps one
of the most challenging requirements of emergency research.16

Defining the trauma community may be particularly
challenging. Geographically, patients may come from local
neighborhoods, or they be transported a great distance. The
community members may themselves be diverse group of
patients, family, friends and neighborsVeach with a different
experience of the traumatic event as well as different races,
religions, socioeconomic backgrounds, and exposure to vio-
lence. The unique experience of being a patient or family
member may also provide an important perspective on research
that involves the trauma population. We hypothesized that atti-
tudes regarding EFIC and willingness to participate in emer-
gency research would be influenced by demographic variables
including status as a patient, family, or geographic neighbor in
the trauma community.

PATIENTS AND METHODS

Our study was conducted in the context of community
consultation for an upcoming trial investigating the use of vaso-
pressin during the resuscitation of hemorrhagic shock (AVERT
Shock Trial).17,18 After obtaining IRB approval, trauma patients
and family members at an urban Level I trauma center were asked
to participate in a semistructured interview before discharge. Using
a convenience sample, interviews were conducted during 6 months,
including weekends. Patients (and family members) older than
of 18 years identified as ‘‘ready for discharge’’ were invited to
participate. Patients with moderate-to-severe traumatic brain

injuries and those with psychiatric disorders requiring inpatient
evaluation were excluded, although their families were invited
to participate. During the interview, details of the AVERT Shock
Trial and its use of EFIC were explained. In addition to col-
lecting demographic data, participants were asked about their
experiences with clinical research, the importance of emergency
research, opinions about consent, reason for hospital admiss-
ion, and exposure to life-threatening trauma requiring blood trans-
fusion. Using a modified version of the Clinical Research
Involvement Scales,19 participants were asked rank statements
regarding EFIC in the context of the AVERT Shock Trial and
their general willingness to participate in emergency research
using a 5-point Likert-type scale (1 = strongly disagree to 5 =
strongly agree). Four questions investigated attitudes regarding
EFIC and 21 assessed willingness to participate in emergency
research. Higher total scores reflected a more positive attitude.

In addition, community-based organizations in the neigh-
borhood surrounding ourLevel I centerwere contacted and invited
to host a focus group. Focus groups were moderated by a pro-
fessional facilitator and observed by IRB members. A research
team member was also present to address questions. In addition
to describing the details of AVERT Shock, discussions were di-
rected at their knowledge and perception of emergency research,
their opinion of the EFIC policy, and suggestions for conducting
the proposed research. Following the discussion, participants
completed the survey tool used by patients and familymembers.

Datawere entered into aMicrosoft Excel database (2007,
Microsoft Corp., Redmond, WA) and imported into SPSS
(version 19.0, SPSS Inc., Chicago, IL) for analysis. Data were
analyzed using W2 and Kruskal-Wallis tests as appropriate with
a two-tailed significance set at p G 0.05. For W2 tests found to be
significant in analyses that contained more than two groups,
pairwise comparisons were performed using z test of propor-
tions with Bonferroni’s correction. Reliability analyses were
performed to examine the internal consistency of the EFIC and
willingness scores.

RESULTS

Of the 336 subjects invited, 309 completed the survey for
a 92% response rate. Participants included 172 trauma patients,
73 family members, and 64 community members. Community
members attended one of six focus groups sponsored by a
Baptist church, a mosque, three community organizations, and
a recreational center. The three groups (patients, family, com-
munity) did not differ in age, religion, or educational level.
Significant differences in sex, race, and employment status were
present (Table 2). Patients were significantly more likely to be
male (65%), white (20%), and unemployed/disabled (56%).

There were no significant differences in previous expe-
rience with medical research. Roughly 20% had previously
participated in a clinical study, and only 4% to 6% had been
asked to consent on behalf of another person (Table 3). When
asked who would be the best person to consent on their behalf
for an emergency research trial, the majority (93Y96%) listed a
family member. If that person were unavailable, community
members were significantly more likely to indicate a religious
leader (45%), another family member (28%), or a community
leader (16%). Patients and family members were divided in

TABLE 1. Summary of 21CRF50.24VEFIC Requirements for
Emergency Research

Subjects may receive the experimental therapy without consent only if all of the
following conditions are met:

1. Available treatments are unproven or unsatisfactory.

2. The research cannot otherwise be performed to determine whether the
therapy is safe and effective.

3. It is not feasible to obtain informed consent from the subject or the
subject’s legal representative, and there is no reasonable way to identify
potential subjects prospectively.

4. Participation in the research holds out the prospect of direct benefit to
the subjects.

5. The risks and benefits of the experimental procedure/treatment are
reasonable compared with those associated with the subject’s medical
condition and standard therapy.

6. The proposal has been reviewed and approved by the IRB.

Additional protections include the following:

1. Consultation with the community and public disclosure of the study
design, including risks and benefits, before initiation of the study.

2. The establishment of an independent data and safety monitoring board
during the study.

3. Public disclosure of study results upon completion of the study.

4. FDA review and approval of the protocol design and study information.

5. An attempt to contact the subjects LAR within the therapeutic window
before enrollment if at all feasible. The subject’s LAR must be informed
of the subject’s inclusion as soon as feasible and asked for consent. If
the LAR is not reasonably available, a family member must be approached
as soon as possible and asked whether he or she objects to the subject’s
participation in the clinical investigation.

J Trauma Acute Care Surg
Volume 74, Number 1Sims et al.

158 * 2013 Lippincott Williams & Wilkins

Copyright © 2012 Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



their responses. Roughly one third listed ‘‘doctor’’ as their
second choice, while another third stated that it would not be
proper for anyone other than a family member to consent on
their behalf.

Subjects did not differ with regard to their experiencewith
trauma resulting in significant blood loss (Table 3). Although
most participants either ‘‘agreed’’ or ‘‘strongly agreed’’ that
trauma was a significant concern in their community (85Y92%),
community members were statistically more likely to endorse
this concern. The overwhelming majority of participants

TABLE 3. Experience and Attitudes Regarding Emergency
Research and Trauma as a Function of Trauma
Community Subgroups

Variable

Patient
(n = 172),
n (%)

Family
(n = 73),
n (%)

Community
(n = 64),
n (%) p

Previous participation in clinical
research

36 (21) 14 (19) 16 (24) 0.694

Given permission for others to
participate in clinical research

10 (6) 3 (4) 4 (6) 0.830

If youwere avictim of trauma and could not consent, whowould youwant
to consent for you to participate in emergency research?

Family member 160 (93) 70 (96) 60 (94) 0.039

Community leader/member 10 (6) 2 (3) 0 (0)

Religious leader 2 (1) 1 (1) 4 (6)

If your family were not available, whowould be the best person to consent
for you to participate in emergency research?

Family member*† 13 (8) 2 (3) 18 (28) G0.001

Community leader/member* 6 (3) 3 (4) 10 (16)

Religious leader*† 20 (12) 5 (7) 29 (45)

Friend 19 (11) 12 (16) 5 (8)

Doctor*† 57 (33) 30 (41) 1 (2)

Responsible person 5 (3) 1 (1) 1 (2)

Nobody, it would not be right
for someone other than my
family to consent for me to
participate in this type of
research even if it could
potentially be helpful to me
or save my life.*†

52 (30) 20 (27) 0 (0)

Have you or someone you know experienced trauma resulting in
significant blood loss and the need for blood transfusions?

Yes 70 (41) 33 (45 27 (43) 0.369

No 102 (59) 40 (55) 36 (57)

Trauma, such as injuries related to violence or accidents, is a
serious concern
in my community.

Strongly disagree 2 (1) 0 (0) 3 (5) 0.026

Disagree*† 11 (6) 2 (3) 0 (0)

Neutral 13 (8) 4 (5) 3 (5)

Agree 88 (51) 32 (44) 25 (39)

Strongly agree*‡ 58 (34) 35 (48) 33 (52)

More research that could benefit trauma patients should be performed.

Strongly disagree 0 (0) 0 (0) 0 (0) 0.003

Disagree 0 (0) 0 (0) 0 (0)

Neutral 2 (1) 3 (4) 3 (5)

Agree*‡ 117 (68) 38 (52) 27 (42)

Strongly agree*†‡ 53 (31) 32 (44) 34 (53)

Do you think the AVERT Shock Trial is an important study for us
to perform?

Yes 166 (96) 72 (99) 61 (95) 0.279

No 3 (2) 1 (1) 0 (0)

Undecided 3 (2) 0 (0) 3 (5)

W
2 test was used to evaluate significance of variables between groups. Significance

further analyzed with pairwise comparisons reported at p G 0.05 following z test of pro-
portions with Bonferroni correction.

*Patient versus community.
†Family versus community.
‡Patient versus family.

TABLE 2. Demographics of the Study Population

Variable

All Participants
(N = 309),
n (%)

Patients
(n = 172),
n (%)

Family
Members
(n = 73),
n (%)

Community
(n = 64),
n (%) p

Male sex*† 162 (52) 111 (65) 23 (32) 28 (44) G0.001

Age, y

18Y24 64 (21) 38 (22) 15 (20) 11 (17) 0.337

25Y34 57 (18) 35 (20) 16 (22) 6 (9)

35Y49 83 (27) 46 (27) 18 (25) 19 (30)

50Y64 76 (25) 35 (20) 19 (26) 22 (35)

Q65 29 (9) 18 (10) 5 (7) 6 (9)

Race

African
American*‡

191 (62) 96 (56) 39 (53) 55 (87) G0.001

White*‡ 102 (33) 69 (20) 28 (38) 5 (8)

Other 16 (5) 7 (4) 6 (8) 3 (5)

Religion

None 55 (18) 27 (16) 16 (22) 12 (19) 0.116

Judeo-
Christian

203 (66) 118 (69) 46 (63) 39 (61)

Islam 40 (13) 24 (14) 7 (10) 9 (14)

Other 11 (3) 3 (1) 4 (5) 4 (6)

Declined 2 (1) 0 (0) 0 (0) 0 (0)

Education

Some high
school

37 (12) 24 (14) 7 (10) 6 (9) 0.657

High school
graduate

128 (41) 75 (44) 28 (38) 25 (39)

Some college
or technical
school

82 (27) 44 (26) 21 (29) 17 (27)

College degree 39 (13) 19 (11) 10 (14) 10 (16)

Professional
degree

23 (7) 10 (6) 7 (10) 6 (9)

Employment
status

In school 18 (6) 11 (6) 4 (5) 3 (5) G0.001

Part time*† 41 (13) 11 (6) 13 (18) 17 (27)

Full time*†‡ 111 (36) 54 (31) 36 (49) 21 (33)

Unemployed/
disabled*†

137 (44) 96 (56) 20 (27) 21 (33)

Declined 2 (1) 0 0 2 (3)

W
2 testwasused to evaluate significance of variables betweengroups. Significance further

analyzed with pairwise comparisons reported at p G 0.05 following z test of proportions with
Bonferroni’s correction.

*Patient versus community.
†Patient versus family.
‡Family versus community.
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supported the need for more research in trauma (95Y99%) and
indicated that the AVERT Shock Trial was an important study to
perform (95Y99%).

When asked to rank their support of six statements re-
lated to the EFIC policy as it pertained to the AVERT Shock
Trial, participants were generally supportive (Table 4). If a
LAR could not be contacted, 67% of participants agreed that
it would be acceptable to enroll a family member in this study
without consent; 77% indicated that it would be acceptable
to enroll them personally, and 84% believed that a member of
the community could be enrolled. Eighty-five percent agreed
that it would be acceptable to conduct the AVERT Shock Trial
in their community. Only 63% agreed that it was important
to involve the community in making decisions on behalf of
potential patients.

Although most subjects supported the use of EFIC, there
were statistically significant differences in the degree of sup-
port. Community members tended to be more supportive of
EFIC as it pertained to family members and themselves but less
supportive of enrolling others without consent. They were also
more emphatic regarding the importance of involving the
community (Table 5).

Based on the average interitem correlation, Cronbach’s
> was 0.8 for EFIC score and 0.9 for willingness, indicating
an excellent degree of internal consistency. Of note, question
7 and question 9 were excluded from the willingness score
because of lack of internal consistency.

Three factors were found to influence the degree of posi-
tive support for EFIC: race, admission following interpersonal

TABLE 4. EFIC Questions Regarding the AVERT Shock Trial

Disagree,
%

Neutral,
%

Agree,
%

I think it would be acceptable to enroll my
family members in this study without
consent if they had a traumatic injury
resulting in blood loss and I could not
be contacted.

20 13 67

I think it would be acceptable for me to be
enrolled in this study without my written
consent if I had a traumatic injury resulting
in blood loss and my legal representative
(spouse, children, or guardian) could not
be contacted.

13 10 77

I think it is acceptable for a member of my
community to be enrolled in this study
without consent if they had a traumatic
injury resulting in blood loss and their
legal representative (spouse, children, or
guardian) could not be contacted.

4 12 84

I think it is acceptable for this study to be
performed in my community.

4 11 85

I think the opt-out bracelet and online registry
is an acceptable way to identify which
potential patients do not want to be enrolled
in the study.

15 11 74

To perform this type of research, it is important
to involve the community in making
decisions on behalf of the patients who
might be enrolled.

25 13 62

TABLE 5. Willingness Score

WILLINGNESS Questions Patient Family Community p

1. I think it would be
acceptable to enroll my
family members into this
study without consent if
they had a traumatic injury
resulting in blood loss and
I could not be contacted.

3.5 (1.1) 3.8 (1.1) 3.8 (1.2) 0.026*

2. I think it is acceptable for
me to be enrolled into this
study without my written
consent if I had a traumatic
injury resulting in blood
loss and my legal
representative (spouse,
children, or guardian)
could not be contacted.

3.7 (1.0) 4.1 (0.9) 4.2 (1.1) G0.001*†

3. I think it is acceptable for a
member of my community
to be enrolled into this
study without consent if
they had a traumatic injury
resulting in blood loss and
their legal representative
could not be contacted.

4.1 (0.6) 4.2 (0.8) 3.8 (1.1) 0.037*

4. I think it is acceptable for
this study to be performed
in my community.

4.1 (0.6) 4.2 (0.7) 4.3 (0.8) 0.094

5. I think the opt-out bracelet
and online registry is an
acceptable way to identify
which potential patients
do not want to be enrolled
in the study.

3.7 (0.9) 3.6 (1.1) 4.1 (0.9) 0.005*‡

Willingness questions

1. I believe that medical
research (in trauma care)
is important.

4.4 (0.5) 4.4 (0.6) 4.6 (0.6) 0.005*

2. My participation in a
medical study would be a
very good thing.

3.9 (0.7) 4.1 (0.8) 4.2 (0.8) 0.025*

3. I or my family would
benefit from medical
research on trauma.

4.1 (0.7) 4.3 (0.6) 4.4 (0.7) 0.01*

4. My community would
benefit from medical
research on trauma.

4.0 (0.7) 4.3 (0.6) 4.4 (0.8) G0.001*†

5. My participation in a
medical study on trauma
would be more trouble
than it is worth.§

2.3 (0.9) 2.1 (1.0) 2.3 (1.1) 0.304

6. Participation in medical
study on trauma seems
risky.§

2.8 (1.0) 2.8 (1.0) 2.7 (1.2) 0.746

7. I think my doctor would
approve of my
involvement in emergency
research.

3.6 (0.9) 3.9 (0.9) 4.0 (0.8) 0.006*

8. My immediate family is
supportive of my
involvement in emergency
research.

3.6 (1.0) 3.9 (1.0) 3.7 (0.9) .082
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violence, and the participant’s opinion regarding the importance
of the AVERT Shock Trial (Table 6). Participants also endorsed
factors known to positively influence willingness to participate
clinical research with a median willingness score of 82 (inter-
quartile range, [IQR], 76Y88.5). Family members had statistically
higher willingness scores, as did those who believed in the im-
portance of conducting the AVERT Shock Trial (Table 6).

DISCUSSION

Although traumatic injury remains the leading cause
of death for people younger than 40 years, very few of the
‘‘standard’’ interventions used to treat critically injured patients
have been rigorously investigated and only a handful of clini-
cal trials have used EFIC.20Y24 Our study investigated trauma
community attitudes about emergency research and the use of
EFIC in the context of the upcoming AVERT Shock Trial.

Overwhelmingly, the trauma community we consulted
considered the AVERT Shock Trial an important study that
could be acceptably conducted in their community. Impor-
tantly, the key concept of enrollment without consent was
endorsed by most participants. Surprisingly, subjects in our
study were more supportive of enrolling a community member
without consent than they were in applying EFIC to either them-
selves or a family member. In contrast, previous investigators
have noted reluctance on the part of participants to assume re-
sponsibility for supporting EFIC on behalf of others.25,26 In
a survey study of 1,901 community members, Biros et al.27

found that only 35% supported using EFIC in emergency re-
search. Support increased to 70%, however, when respondents
were asked to evaluate emergency research in the context of
their own care. Participants in our study may be more suppor-
tive of implementing EFIC as applied to the general community
because while they universally perceive trauma research

TABLE 5. (Continued)

WILLINGNESS Questions Patient Family Community p

9. If my pastor, imam, or rabbi
supported emergency research,
I would be inclined to get
involved.

3.2 (1.1) 3.3 (1.1) 3.4 (0.9) 0.579

10. My community feels that
my participation in emergency
research is good.

3.6 (0.8) 3.6 (0.8) 3.7 (0.8) 0.544

11. I like to do good for others. 4.3 (0.5) 4.3 (0.6) 4.7 (0.5) G0.001*‡

12. Trauma, such as injuries
related to violence or
accidents, is a serious
concern in my community.

4.1 (0.9) 4.4 (0.7) 4.3 (0.9) 0.013*

13. I would benefit from the
medical care associated
with an emergency study.

4.0 (0.5) 4.2 (0.6) 4.1 (0.7) 0.343

14. More research that could
benefit trauma patients
should be performed.

4.3 (0.5) 4.4 (0.6) 4.5 (0.6) 0.019*

15. Involving patients in a
medical research study
without asking their
permission first is
acceptable in emergency
circumstances.

3.4 (1.1) 3.7 (1.1) 3.9 (1.0) 0.009*

16. It is okay to get permission
from the family member if a
patient cannot give
permission themselves to
participate in a research
study.

4.1 (0.7) 4.2 (0.7) 4.3 (0.8) 0.008*

17. It is okay to enroll patients
in emergency research
studies if there is no family
member present and there
is not time to contact
anyone.

3.6 (1.1) 3.8 (1.0) 4.1 (0.8) 0.001*

18. It is okay for medical
researchers to include me in
a study that might help me if
I am unconscious or too sick
to give permission myself.

3.6 (1.0) 3.9 (0.9) 4.1 (0.7) 0.015*

19. It is okay for my family
members to give permission
for me to be in a study that
might help me if I am
unconscious or too sick to
give permission myself.

4.1 (0.7) 4.2 (0.8) 4.1 (0.7) 0.257

20. It is okay for medical
researchers to include me in
a study that might NOT
help me but might help
future patients if I am
unconscious or too sick to
give permission myself.

3.5 (1.0) 3.6 (1.0) 3.6 (1.1) 0.292

21. It is okay for my family
members to give permission
for me to be in a study that
might not help me but might
help future patients, if I
am unconscious or too sick
to give permission myself.

3.6 (1.0) 3.7 (1.0) 3.8 (0.9) 0.599

TABLE 5. (Continued)

WILLINGNESS Questions Patient Family Community p

22. It is okay for emergency
research that does not ask
for patient’s consent to be
done in my community if
the study might help the
patient.

3.7 (0.9) 4.0 (0.8) 3.6 (0.9) 0.014‡

23. It is okay for emergency
research that does not ask for
patient’s consent to be
performed in my community
if the study might help
future patients.

3.7 (0.8) 3.9 (0.7) 3.5 (1.0) 0.033‡

Participants ranked each statement using a 5-point Likert-type scale (strongly disagree = 1;
disagree = 2, neutral = 3, agree =4, strongly agree = 5)

Groups compared using the Kruskal-Wallis test. Significant differences underwent
pairwise comparisons with adjusted significance of p G 0.05 reported.

*Patient versus community.
†Patient versus family.
‡Family versus community.
§Questions that were reverse coded when included in the willingness score.
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as important, they felt less strongly that they would personally
benefit from care associated with emergency research (Table 5).

Our community consultation process may have also had
a positive influence on the community’s support of emergency
research. Public disclosure and consultation activities that
actively educate and engage participants have been shown
to positively influence attitudes about EFIC research.7,28,29

Moreover, educating the community about the need for the
proposed research and the lack of effective lifesaving thera-
pies may also improve the community’s perception of EFIC.25

Our use of focus groups and semistructured interviews served
to facilitate a dialogue in which the trauma community learned
more about hemorrhagic shock, the lack of effective therapies,
and the specifics of the AVERT Shock Trial. In addition, the
research team was able to solicit views and recommendations
from the trauma community. Although the community does
not need to ‘‘approve’’ the study, the process of consultation is
valuable in that the community is able to serve more as ‘‘partners
rather than simply as subjects.’’9

As hypothesized, the demographics, experiences, and
attitudes of our trauma community varied depending on group
assignment. When compared with trauma patients, community
members were significantly more likely to be female, African
American, and employed. Although age, sex, education, and
income previously have been shown to influence attitudes
about emergency research, these factors did not impact either
the EFIC or willingness scores in our study.25,27,30,31 While
race was found to be statistically significant, African American
and white subjects both reported high EFIC and willingness
scores that were not statistically different.

Group assignment was also associated with differences
in willingness but not in the composite EFIC score. When
compared with trauma patients, community members were
more likely to believe that traumawas a serious concern in their
community, felt more strongly that trauma research should be
performed, and were more likely to believe that their com-
munity would directly benefit from trauma research. Impor-
tantly, community members were also more likely to believe
in the importance of consulting the community before initiat-
ing the AVERT Shock Trial. When individual question regard-
ing EFIC and willingness were analyzed, community members
were significantly more positive than patients in their support

TABLE 6. Univariate Analysis of EFIC and Willingness Scores

Variable
EFIC Score,
Median (IQR) p

Willingness
Score, Median

(IQR) p

Group 16 (14Y18) 82 (76Y88.5)

Patient (n = 172) 16 (14Y16) 0.50 81 (75Y84) 0.005

Family (n = 73) 16 (14Y19) 84 (76Y92.5)

Community (n = 64) 16 (13Y18.75) 83.5 (77Y91)

Sex

Male (n = 162) 16 (14Y17) 0.58 81 (75Y87) 0.507

Female (n = 147) 16 (14Y18) 82 (76Y90)

Age, y

18Y24 (n = 64) 16 (14Y18) 0.466 82 (76Y86.75) 0.205

25Y34 (n = 57) 16 (14Y18) 81 (73.5Y86)

35Y49 (n = 83) 16 (14Y18) 82 (76Y91)

50Y64 (n = 76) 16 (14Y18) 83.5 (76.25Y91.75)

Q65 (n = 29) 16 (13.5Y16) 80 (75Y84)

Race

African American (189) 16 (14Y17.5) 0.044 81 (75Y86) 0.118

White (n = 102) 16 (15Y18) 83 (76Y92)

Other (n = 16) 14 (13Y16) 84.5 (75.5Y88.5)

Religion

None (n = 55) 16 (14Y18) 0.339 80 (74.5Y88) 0.413

Judeo-Christian
(n = 203)

16 (14Y18) 82 (75.25Y86.75)

Islam (n = 40) 16 (14Y17.75) 81 (75.25Y86.75)

Other (n = 11) 16 (14.25Y18) 84.5 (76.75Y89.25)

Education

Some high school
(n = 37)

16 (14Y18) 0.50 80 (76Y87) 0.314

High school graduate
(n = 128)

16 (14Y17) 82 (75Y86)

Some college or technical
school (n = 82)

16 (14Y18) 84 (76Y90)

College degree (n = 39) 16 (13Y19) 82 (74Y93)

Professional degree
(n = 23)

16 (15Y20) 84 (79Y91)

Employment status

Attending school
(n = 18)

16 (13Y16.5) 0.649 81 (74.5Y89.25) 0.683

Part time (n = 41) 16 (13Y19) 84 (76Y91.5)

Full time (n = 111) 16 (14Y18) 82 (75Y91)

Unemployed/disabled
(n = 137)

16 (14Y17) 82 (76Y85)

Previous participation in
medical research

Yes (n = 66) 16 (14Y17) 0.367 84 (75Y90.25) 0.314

No (n = 243) 16 (14Y17) 82 (76Y87)

Given permission for other to participate in
medical research

Yes (n = 17) 16 (14Y18) 0.636 84 (70.5Y90.5) 0.843

No (n = 292) 16 (14Y18) 82 (76Y88)

Experiencewith significant trauma requiring a
transfusion

Yes (n = 130) 16 (14Y18) 0.339 82.5 (75.75Y90) 0.543

No (n = 178) 16 (14Y18) 82 (75.75Y86)

Admitted following violent
event

TABLE 6. (Continued)

Variable
EFIC Score,
Median (IQR) p

Willingness
Score, Median

(IQR) p

Yes (n = 76) 16 (13Y16) 0.035 81 (73Y84) 0.078

No (n = 167) 16 (14Y18) 82 (76Y89)

TheAVERTShockTrial is an important study
to perform

Yes (n = 299) 16 (14Y18) 0.007 82 (76Y89) 0.016

No (n = 4) 13.5 (9Y16) 82 (74.5Y91)

Neutral (n = 6) 12 (10Y14) 69 (60Y77.25)

Groups compared using the Kruskal-Wallis test. Significant differences underwent
pairwise comparisons with adjusted significance of p G 0.05 reported.
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of EFIC research. They were, however, significantly less likely
to endorse this type of research on behalf of their community.
This reluctance to provide ‘‘consent’’ on behalf of strangers
may stem from an altruistic desire as a community leader to
protect the public, or it may represent a more democratic notion
in which the community derives its authority from the will
of its individual members.

Universally, participants supported contacting a family
member to obtain consent for research in emergency situations.
The concept of consent by proxy for research was initially
introduced in the Declaration of Helsinki and later expanded to
include an emphasis on respect for persons in the Belmont
Report (1979).1,32 Because a family member is the most likely
person to know the values and attitudes of the injured patient,
it seems ethically appropriate to seek out family for surrogate
decision making in emergency situations. Under the EFIC
policy, consent for participation, or continued enrollment, must
be discussed with the patient’s LAR as early as feasibly pos-
sible. In most cases, a parent or spouse is considered the LAR
and should be approached first. However, if the LAR is un-
available, federal policy requires that any available family
member should be asked whether they object to the patient’s
participation. Our research suggests that the mandate to seek
out family as surrogate decision makers in emergency research
represents an important protection that is widely supported by
the trauma community.

If family were unavailable, however, the community and
patients/family expressed strikingly different opinions regarding
an alternative proxy. Community members were significantly
more likely to designate a religious leader or a community
member or write in a specific family member. Trauma patients
and their families, in contrast, were equally divided between
designating a doctor and declaring that consent could only be
obtained from a family member. It is important to note that
the category ‘‘doctor’’ was not included as an option in the
survey. Under the option of ‘‘other,’’ respondents specifically
wrote in terms such as ‘‘doctor,’’ ‘‘trauma doctor,’’ and ‘‘re-
searcher.’’ This trust in the medical profession may be directly
related to the recent trauma and resuscitation experience.33

Because trauma patients and family members in our study had
just survived an unexpected emergency, they may be more
keenly aware of the difficulties associated with emergency care
and more likely to trust that their physicians have their best
interest in mind.

Trust, however, may not be universal. Patients, and their
families, who were admitted following interpersonal violence
were statistically less supportive of EFIC than those admitted
following nonviolent mechanisms. Experiencing violence
shakes one’s core belief that the world is safe and victims
frequently suffer a loss of trust in people that can continue for
years.34 In a recent prospective study of 1,386 trauma patients
seen in follow-up, more than 40% of those treated after a vi-
olent assault experienced symptoms of posttraumatic stress.35

While it is unclear howmany patients or family members in our
study were experiencing posttraumatic stress, the recent ex-
posure to violence may have negatively impacted their sense of
trust as well as their support of EFIC. Further research inves-
tigating the impact of posttraumatic stress on attitudes about
emergency research may provide useful insight regarding how

to conduct meaningful community consultation with this
vulnerable population.

There are a number of limitations to this study. First, this
study was performed in context of the upcoming AVERT
Shock trial, and attitudes were clearly influenced by the par-
ticipant’s opinion regarding the importance of this particular
study. It is unclear if a different study with perhaps less overall
support would report similarly high EFIC and willingness
scores. Second, while we did find statistical differences between
groups in the trauma community, these differences may not
necessarily reflect clinical important distinctions. Specifically,
because there was such a high degree of support for the AVERT
Shock Trial and willingness to participate, statistically signifi-
cant differences between the groups reflected variations in the
degree of positive support rather than any one group expressing
disapproval. Again, if there was less support for the AVERT
Shock Trial overall, the differences observed between the
groups may actually become important distinctions. Third,
the opinions of the participants may not reflect the views of
the general public. Participants in the focus groups may rep-
resent a self-selected group of people with altruistic motives.
Similarly, trauma patients and their family members may be
more biased toward trusting the medical profession that just
saved their lives when compared with the general public.
Fourth, although we used a convenience inpatient sample at
various times throughout the week, not all admitted trauma
patients or their familymemberswere interviewed. The families
of patients who died as well as those who declined or whowere
never contacted may have very different opinions about emer-
gency research and EFIC. In addition, given the face-to-face
semistructured nature of the interview, participants may have
responded in a way that they thought the researcher would
approve. Finally, while both the focus group format and the
individual assessment allowed for in-depth questions and dia-
logue, this method of community consultation was time in-
tensive, with each focus group lasting 1.5 hours to 2 hours
and individual patient/family interviews taking 20 minutes to
40 minutes. The potential issue of bias may be mitigated by
randomly consulting a larger sample size in a more anonymous
fashion. Recently, random digit dialing has been successfully
used to investigate community attitudes regarding the use of
hypertonic saline in trauma.36 Although this method clearly
allows access to a larger population, it is expensive, has a fairly
low response rate (33Y45%), and may not capture the trauma
patient’s unique perspective. Further research is needed to de-
termine the optimal balance between individualized consulta-
tion and the widespread dissemination of information.

CONCLUSION

Trauma patients, their families, and the surrounding geo-
graphic community expressed a high degree of support for the
AVERT Shock Trial, EFIC, and emergency research in general.
Although injury mechanism and group status were found to
have a significant influence on EFIC and willingness scores,
their impact merely changed the degree of positive support. By
allowing participants the opportunity to ask questions and
provide direct feedback to the research team via focus groups
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and semistructured interviews, the trauma community be-
came ‘‘partners’’ in the research process. This method of
community consultation may have contributed to the over-
whelming support of the AVERT Shock Trial. Future con-
sultation efforts for emergency research in trauma should
consider using community participatory methods that extend
beyond the geographic community to include patients and their
families.
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DISCUSSION
Dr. Joseph P.Minei (Dallas, Texas): I applaud the efforts

of Dr. Sims and her colleagues from Penn in their analysis of
their community consultation efforts as part of the require-
ments for exception from informed consent as they prepare for
the AVERT shock study.

This analysis is quite timely as we have heard multiple
studies at this meeting, including the full-day PROMMTT
symposium, studies referring to the Resuscitation Outcomes
Consortium (ROC), and a substantial portion of the FITTS
Lecture by Dr. Hoyt that discusses these issues.

As Dr. Hoyt noted, there is no right way to perform
community consultation. In this study Dr. Sims directed com-
munity consultation to three groups: trauma patients at the
time of hospital discharge, their families, and then the com-
munity at large.

Their results show that while there were statistical dif-
ferences in some aspects of support for the concept of ex-
ception from informed consent and willingness to participate
in the specific study between the groups, these result differ-
ences were not clinically meaningful in the context of the
study. Most patients supported the concept and the study, and
differences were really in the degree of acceptance. I have a few
questions.

How do you think the trauma patients at the time of
discharge or their family members reflect the larger trauma
community? These patients did well enough to be discharged
home.

How do you account for the biases introduced into the
analysis? Perhaps, those who did poorly would have different
points of view. For instance, a family member of a patient who
did poorly may feel that only if he were in a research study, he
might have done better or survived. Similarly, those that did
well may feel invincible and feel that they do not need any
study after sustaining trauma and surviving it.

You conclude that this trauma community should be
included in future attempts at community consultation. How
can this be justified when this group does not have significant
differences from others, requires significant resources to
complete, and has clear bias?

The ROC, which arguably has the greatest experience
in this regardVand for full disclosure, I am a member of the
ROCVhas used random digit dialing in the majority of their
community consultation.

This technique limits bias, is statistically valid, similar
to presidential polling, and does not require human resources.
The downside is that it must be outsourced and is quite ex-
pensive. It costs approximately $15,000 per random digit dialing
for a geographic area.

This technique has been widely accepted by multiple and
varied institutional review boards (IRBs) from across North
America. Do you think your technique should be used instead

of the ROC’s technique or in addition to the ROC’s technique?
How should it be used?

Should there be a validated menu of techniques that IRBs
should accept for community consultation? Should the trauma
community accept a technique for community consultation and
use that exclusively in future studies as a means of educating
naive IRBs?

I appreciate the authors getting me the publication in a
timely manner. I enjoyed your work, and I wish you good luck
with your AVERT shock study in the future. Thank you.

Dr. Arthur Cooper (New York, New York): Important
study and great discussion. Thank you both to the author and
the discussant. You know the kernel of the debate here really
resides in the definition of community. You know what com-
munity are we actually seeking to, you know, obtain consul-
tation from, and, you know, when this exception was originally
proposed and adopted as rule by the federal government almost
20 years ago, community was very clearly intended to mean
the geographic community around which, you know, or within
which the patient lives.

It strikes me that the trauma community, as you have
pointed out, is somewhat different, but that if one were to apply
the demographics of the trauma community that was injured to
the geographic population in the particular area, in other words,
target the high-risk for trauma groups within a geographic area,
you might be able to get a little bit closer to the original intent
that the fed had proposed. I just wondered if you would care to
comment on that.

Dr. Carrie Sims (Philadelphia, Pennsylvania): Thank
you, Drs. Minei and Cooper for your insightful comments.
Trauma is an abstract concept and something that most people
do not plan for, so as such, trauma patients and their families
really bring a unique perspective to the trauma experience and
one that has been missing in the consultative process.

Ideally, consultation should include representatives from
the community from which the subjects have been drawn from
or will be drawn from. So I think Dr. Cooper’s point about who
and what the community is, is really the kernel of the question.

Having just experienced the trauma, one could argue that
the trauma population, the family, and the patients themselves
may be the best representatives to discuss what the trauma
community truly is.

If anything, our city suggests that patients may be
less willing to participate in the emergency research com-
pared with the outside trauma community or the geographic
community.

Again, as I mentioned, that if our study has less support
or if there were a more controversial topic, maybe, those dif-
ferences would actually become not only statistically signifi-
cant but clinically significant.

Whether our consultation process is generalizable, I think
our consultation process should potentially be used in other, in
conjunction with other means such as the random digit dialing.

I think the problem with the random digit dialing is that
it really does have a very low response rate. In Dr. Bulger’s
article, 40% of the patients had or 40% of those contacted
actually responded, so it is quite time intensive and expensive.
For a small study such as the one we were going to do, it would
be prohibitively expensive.
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Our consultation process, however, was valuable in
several ways. First, it really did allow the researcher to have a
very in-depth conversation and detailed discussion with poten-
tial representatives of our community and that these partici-
pants really became partners in designing the research in the
sense that they were able to provide suggestions and feed-
back and thoughts regarding the study design and really good
recommendation on how to go about disclosing. So as re-
searchers, we got a better understanding of our community’s
concerns as well as other things that we should be more
sensitive to.

Whether there should be a standardized approach, I think
Dr. Jill Barren has done a very nice job in putting together a
compendium of a menu of consultative pathways.

I am not sure every study will be cookie cutter and every
community will be cookie cutter. Certainly our population may
be very different from the population seen at the University of
Washington.

So this might be a nice adjunct for smaller cities that
have potentially higher risk. Larger cities in which there is
definitely greater ability to pay for a larger consultative process
may benefit.

I do think coming together as a trauma community to
decide what we believe is a good way to represent community
and to get their feedback would be highly valuable to IRBs
across the country.

Thank you very much again for your thoughtful com-
ments. Mahalo.
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 Introduction: Exception from Informed Consent (EFIC) presents a challenge to researchers, 

in part due to concern about patient reluctance to participate. It is unknown what community 

characteristics affect respondents’ attitudes toward EFIC or their willingness to participate in 

emergency research. We hypothesized that race and proximity to high crime neighborhoods 

would negatively influence the perception of EFIC and decrease willingness to participate. 

Methods: As part of an EFIC community consultation process, trauma patients, their families 

and community members living within the city limits of Philadelphia were asked to rank 

statements regarding EFIC and willingness to participate in emergency research using a 5-

point Likert-type scale. Higher total scores reflected a more positive attitude regarding EFIC 

(range, 6-30; neutral = 18) and willingness (range, 23-115, neutral = 69). Subject zip code 

information was utilized to calculate proximity to the top 5 most violent zip codes in 

Philadelphia. The association between violence proximity and scores, race, group, and 

mechanism of injury was evaluated using linear regression modeling, t-test, Kruskal-Wallis 

and omnibus tests where appropriate (p<0.05). 

Results: A total of 179 subjects participated and included trauma patients (n=99), their 

families (n=33) and community members (n=47).  Overall, the cohort reported high EFIC 

perception and willingness to participate scores (median 24, IQR 13-30 and median 89, IQR 

52-115 respectively).  Community members were more likely to live in a distribution near 

violent neighborhoods than either patients or their families (p=0.023), but median proximity 

to these neighborhoods was no different between patients, their families and community 

members. Proximity to high crime areas correlated with violent mechanism of injury 

(p=0.021), but was not associated with race, the perception of EFIC or the willingness to 

participate in emergency research. 

Conclusion: Proximity to high crime zip codes does not appear to decrease willingness or 

worsen the perception of EFIC. While researchers have been concerned that consulting high 

crime and urban communities could be a roadblock to implementing EFIC in emergency 

research, our data suggest that this may not be the case. Given the importance of EFIC 

research in the care of injured patients, this data should embolden future research pursuits. 

 



Does proximity to violence negatively influence attitudes toward
exception from informed consent in emergency research?

Zoë Maher, MD, Elena Kosar Grill, Brian Patrick Smith, MD,
and Carrie A. Sims, MD, Philadelphia, Pennsylvania

BACKGROUND: Trauma research has been limited by perceived patient reluctance to participate in exception from informed consent (EFIC)
studies. We hypothesized that race, socioeconomic status, and proximity to violence influence willingness to participate in and
perception of EFIC research among at-risk populations.

METHODS: Trauma patients, families, and community members ranked statements regarding attitude toward EFIC in the context of an
upcoming trial and willingness to participate in emergency research using a 5-point Likert scale during a community
consultation. Higher total scores reflected a more positive attitude regarding EFIC (range, 6Y30; neutral, 18) and willingness
(range, 23Y115; neutral, 69). Subject zip codewas used to calculate median income, as an estimate for socioeconomic status,
andproximity to thefivemost violent city zip codes. Linear regression, Spearman’s correlation, andKruskal-Wallis tests (pG 0.05)
were used to evaluate relationships between estimated socioeconomic status, race, mechanism of injury, proximity toviolence, and
attitudes toward EFIC.

RESULTS: A total of 179 subjects participated including trauma patients (n = 99), families (n = 33), and community members (n = 47).
Overall, participants were supportive of EFIC and reported high scores in willingness to participate (median, 24; interquartile
range, 21Y25; median 89, interquartile range, 82Y95, respectively). Proximity to violence did correlate with race ( p = 0.03) but
was not associated with violent mechanism of injury, perception of EFIC, or willingness to participate in emergency research.
Estimated socioeconomic status and race did not correlate with perception of or willingness to participate in EFIC.

CONCLUSION: Based on our data, there is no correlation between either proximity to violence or estimated socioeconomic status and
willingness to participate in EFIC research. Given this lack of correlation, researchers should partner with at-risk communities to
conduct EFIC studieswithout concern for limited participation. (J TraumaAcuteCare Surg. 2015;79: 364Y371. Copyright* 2015
Wolters Kluwer Health, Inc. All rights reserved.)

LEVEL OF EVIDENCE: Epidemiologic/prognostic study, level III.
KEY WORDS: Community consultation; exception from informed consent; proximity to violence; emergency research; consent.

Accidental and violence-related injuries are two of the most
significant causes of preventable death and disability in the

United States.1 In fact, unintentional injury resulted in more
than 29 million visits to the emergency department in 2011 and
is the leading cause of death in those younger than 45 years.1 To
improve and optimize care of the injured, early interventions
must be critically evaluated and prospectively studied. One of
themajor challenges associatedwith conducting trauma research,
however, is that of obtaining informed consent from critically ill
patients.2 Recognizing the need to improve emergency research

while continuing to protect patient autonomy, the Food and Drug
Administration and the Department of Health and Human Ser-
vices established guidelines for exception from informed consent
(EFIC) for emergency research in 1996.3 Under these strict
guidelines, emergency researchmay be conducted in the absence
of explicit consent provided the subjects have a life-threatening
condition, the research holds the prospect of direct benefit, and
consent is not feasible. In addition, the Food and Drug Admin-
istration guidelines require that a community consultation be
conducted before initiation of the trial.4

Currently, there are no standards regarding the conduct of
a ‘‘community consultation’’ process, and the approach has
varied widely in the literature.5Y14 In many cases, the consul-
tation has included a ‘‘community’’survey documenting factors
that influence both attitudes and willingness to participate in
emergency research. While many community consultation
studies have demonstrated a generally positive view toward
EFIC and a proclivity toward consent, factors such as sex, race,
socioeconomic status, and educational level may contribute to
lower rates of willingness.5,7,14Y16 Willingness to participate
may also be influenced by exposure to violence.17 Given the
burden of life-threatening trauma and the unique demographics
associated with urban trauma centers, it is imperative that we
understand this ‘‘community’s’’ perception of EFIC research
and develop guidelines to assist researchers and institutional
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review boards in the process of community consultation. We
hypothesized that race, socioeconomic status, and closer
proximity to violence would make urban trauma patients, their
families, and community members less willing to participate in
and more skeptical of EFIC research.

PATIENTS AND METHODS

As a component of an institutional review boardYapproved
community consultation for the AVERT Shock Trial (a trial in-
vestigating the use of vasopressin during the resuscitation of
hemorrhagic shock)18 voluntary, in-person interviews were
conducted. A convenience sample of trauma patients, their
families, and community members were approached in one of
three settings: in the hospital before discharge, clinic follow-up
visit, or at a community focus group. Discharge-ready patients
and their family members who were mentally and physically
capable of completing a 20-minute interview were approached
daily between the hours of 9:00 AM and 9:00 PM. Patients and
family members who did not participate while hospitalized were
invited to participate during their first outpatient appointment.
Community members were invited to participate in a one of six
2-hour structured focus groups sponsored by a Baptist church,
a mosque, three community organizations, and a recreational
center located in the West Philadelphia neighborhood. After
informed consent was obtained, participants were asked by
trained research staff, including a research coordinator, research

assistants, and research physicians, to respond to a 42-item
modified Clinical Research Involvement Scale (CRIS). The
CRIS is a validated and reliable instrument designed to measure
community attitudes toward participation in biomedical research
studies.19 The items included demographic, dichotomous (yes/
no), and 5-point Likert scaleYranked statements regarding
attitudes toward EFIC and general willingness to participate
in emergency research (see Supplemental Digital Content 1,
http://links.lww.com/TA/A610). Ranked responses were reverse
coded where appropriate such that higher scores reflected a more
positive attitude regarding EFIC.

The AVERT attitude score was calculated from the sum
of answers to six Likert scale attitude questions (range, 6Y30;
neutral, 18) and reflected attitude toward enrollment in the
AVERT Shock Trial under EFIC. The willingness score was
calculated from the sum of answers to 23 Likert scale will-
ingness questions (range, 23Y115, neutral, 69) and reflected
general attitude toward emergency research. Cronbach’s >

measure of internal consistency was then calculated for the
attitude and willingness scores and was found to be acceptable.

Subjects who lived in a zip code outside the City of
Philadelphia and those with incomplete records were elimi-
nated from the analysis. Subject zip codes were used to esti-
mate median income using 2011 Census Bureau data as a
marker for socioeconomic status.20,21 Subject zip codes were
also used to calculate proximity to the fivemost violent zip codes
in Philadelphia. These ‘‘violent hotspots’’ were identified using

Figure 1. Aggravated assault rate per 1,000 population by Philadelphia zip code.
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data provided by the Philadelphia Police Department to the
University of Pennsylvania Cartographic Modeling Laboratory.22

These hotspots were defined as the five Philadelphia zip codes
with the highest aggravated assault rate per 1,000 (Fig. 1).22

The shortest distance between subject zip code and violent hot-
spot zip codes was used in ‘‘proximity to violence’’ analysis.

Datawere analyzed using SPSS (version 20.0, SPSS Inc.,
Chicago, IL). Multivariable linear regression, Spearman’s
correlation, and Kruskal-Wallis tests (p G 0.05) were used to
evaluate relationships between role as patient, family member,
or community member; race; sex; age; estimated socioeco-
nomic status; mechanism of injury (for patient and family
members); proximity to violence; attitudes toward EFIC in the
context of the AVERT Shock Trial; and willingness to par-
ticipate in emergency research.

RESULTS

A total of 179 subjects including trauma patients (n = 99),
families (n = 33), and communitymembers (n = 47)were included
in the analysis. There was an overall response rate of 92%. Re-
spondents were primarily African American (83%), evenly split
betweenmale (54%) and female (46%), and distributed across age
ranges (Table 1). Respondents lived an average of 2.74 miles
(0Y10.2 miles) from the nearest violent hotspot and 3.7 miles
(0Y15.7 miles) from our Level 1 trauma center, with an estimated
median income of $32,313 (range, $14,586Y$93,222).20 Re-
spondents lived in 30 of the 49 zip codes found in Philadelphia.

Overall, participantswere supportiveofEFICas reflectedby
AVERT attitude scores (median, 24; interquartile range [IQR],
21Y25) and willingness scores (median, 89; IQR 82Y95; Table 2).
Importantly, median participant scores were well above neutral
rankings; a score of 18 for AVERTattitude and 69 for willingness.
There was no correlation between AVERTattitude or willingness
scores and race, sex, age, estimated median income, or status as
inpatient or outpatient. A correlation was found between AVERT
attitude score and role, with community members having a more
positive attitude towardEFIC than families or patients (median, 25,
24, 23; p G 0.01, Table 2). However, there was no correlation
between willingness scores and role.

‘‘Proximity to violence’’did not correlate with perception
of EFIC, willingness to participate in emergency research, or
violent mechanism of injury but was associated with African
American race (p = 0.03) and socioeconomic status (p G 0.01)
(Table 3). In addition, there was no correlation found between
living within a ‘‘violent hotspot’’ and perception of EFIC in the
context of the AVERT trial or willingness to participate in
emergency research. Similarly, no correlation was detected
between having experienced or known someone who had ex-
perienced a significant trauma resulting in blood loss and
AVERT attitude or general willingness scores. However, a
correlation was found between mechanism of injury and
AVERT attitude score, with patients or families of patients
injured by a nonviolent mechanism having a more positive
attitude toward EFIC than those injured by assault, gunshot, or
stab wound (p G 0.01) (Table 2). In contrast, there was no

TABLE 1. Demographics of the Study Population

All Participants Patients Family Members Community

n = 179 n = 99 n = 33 n = 47 p

Race, n (%) NS

African American 149 (83) 78 (79) 28 (85) 43 (91)

White 25 (14) 18 (18) 3 (9) 4 (9)

Hispanic 5 (3) 3 (3) 2 (6) 0 (0)

Age, n (%)*** 0.03

18Y24 41 (23) 25 (25) 9 (26) 7 (15)

25Y34 40 (20) 25 (25) 10 (29) 5 (11)

35Y49 52 (29) 28 (28) 9 (27) 15 (33)

50Y64 34 (19) 14 (14) 4 (12) 16 (35)

65+ 12 (7) 7 (7) 2 (6) 3 (6)

Male sex, n (%)**† 97 (54) 66 (67) 10 (30) 21 (46) G0.01

Miles to hospital (range) 3.70 (0Y15.7) 3.92 (0Y15.7) 4.30 (0Y15.6) 2.78 (0Y10.1) NS

Estimated median income, n (%)*** 0.02

0Y25,000 32 (18) 20 (20) 6 (18) 6 (13)

25,001Y31,000 54 (30) 21 (21) 4 (12) 29 (63)

31,001Y35,000 53 (30) 31 (31) 13 (38) 9 (20)

35,000Y100,000 40 (22) 27 (27) 11 (32) 2 (4)

Miles to violence hotspot (range) 2.74 (0Y10.2) 2.96 (0Y10.2) 3.17 (0Y10.2) 1.95 (0Y10.2) NS

Have you or someone you know experienced a
trauma resulting in significant blood loss or
need for fluid resuscitation? n (%)

Yes, 73 (41) 37 (37) 15 (44) 21 (46) NS

*Family versus community.
**Patients versus community.
†Patients versus family.
NS, not significant.
Spearman’s correlation was used to evaluate relationships between variables. Pairwise comparison was then used to further evaluate significance.
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correlation found between mechanism of injury and willing-
ness to participate in emergency research.

DISCUSSION

The community consultation process is a central and
valuable requirement for conducting emergency research under
EFIC.3,4 Through our community consultation process, we
sought to further understand the factors that influence attitudes
toward EFIC in the context of the AVERT Shock Trial among
urban trauma patients, families, and community members by
engaging with both our geographic and at-risk patient commu-
nities. In contrast to previous reports, we found that sex, race, and
estimated socioeconomic status did not influence views on
emergency research. Moreover, we found that living in or near a
violent hotspot had no influence on attitudes toward the AVERT
Shock Trial or general willingness to participate in emergency
research using EFIC. Collectively, these findings should em-
bolden researchers and institutional reviewboards to partnerwith
at-risk communities to conduct emergency research.

Since people living closest to areas of concentrated
violence are more likely to be the victims of violent injury,21 we

anticipated an association between proximity to violence and
violent mechanism of injury. In the City of Philadelphia, the rate
of aggravated assault per 1,000 residents ranges from 0.64 in the
safest zip code to 10.79 in the most violent.22 Among re-
spondents living within one of the five most violent zip codes,
51.6% either had known someone or had themselves been the
victim of a traumatic injury requiring blood product or fluid
resuscitation. In contrast, only 38.5% of respondents living
outside theseviolent hotspots had a similar experience (p=0.05).

Proximity to violence, however, had no influence on the
perception of emergency research in our study. Using prox-
imity as a corollary for exposure to violence, we theorized that
those living closer to violent hotspots would be more likely to
develop collateral consequences of chronic direct or indirect
exposure to trauma.23 Stress theory suggests that exposure to
community violence closely correlates with emotional, social
and behavioral maladaptation, including anxiety, posttraumatic
stress disorder, and social and educational disengagement.24 In
a study using data representing more than 20,000 adolescents
from the National Longitudinal Study of Adolescent Health,
Warner and Swisher25 found that violent victimization among
youth was associated with decreased survival expectation,
placing them at increased risk for social disengagement. As
such, we hypothesized the potential presence of these mal-
adaptive influences would make respondents less willing to
participate in emergency research. In the course of this com-
munity consultation, however, we found no direct correlation
between proximity to violence and willingness to participate in
emergency research. While it is possible that our respondents
were not negatively influenced by proximity to violence, it is
also possible that the community consultation process mini-
mized the effect of these influences on the respondent’s atti-
tudes and willingness. The concept that education and
community involvement can improve diverse participation in
clinical trials is critical to emergency research and was the
central theme of a recent national meeting on the topic.26

Contrary to our hypothesis, community members living
closest to violent hotspots actually demonstrated a positive
attitude toward EFIC and a trend toward increased willingness
(Table 2). In our study, community members lived an average
of 1.95 miles from the nearest violent hotspot. In fact, 35% of
community members surveyed actually lived within a violent
hotspot and, therefore, theoretically had the highest exposure
to violence. Perhaps, this increased exposure to as well as the

TABLE 2. Univariate Analysis of AVERT Attitude and EFIC
Willingness Scores

AVERT Attitude
Score

p

EFIC Willingness
Score

p

Neutral, 18 Neutral, 69

Median (IQR) Median (IQR)

All participants
(n = 179)

24 (21Y25) 89 (82Y95)

Role† G0.01 NS

Patients (n = 99) 23 (21Y24) 88 (81Y92)

Family members
(n = 33)

24 (21Y25) 91 (82Y98)

Community
(n = 47)

25 (22Y28) 90 (82Y99)

Race NS NS

African American
(n = 149)

23 (21Y25) 88 (82Y95)

White (n = 25) 24 (22Y26) 92 (81Y98)

Hispanic (n = 5) 22 (21Y26) 91 (82Y95)

Age NS NS

18Y24 23 (21Y24) 88 (82Y94)

25Y34 23 (21Y26) 90 (80Y98)

35Y49 24 (22Y26) 88 (82Y100)

50Y64 24 (21Y26) 92 (82Y99)

65+ 23 (21Y24) 85 (80Y92)

Sex NS NS

Male 23 (82Y96) 89 (82Y96)

Female 24 (82Y95) 89 (82Y95)

Violent mechanism G0.01 NS

No (n = 119) 24 (22Y26) 89 (82Y98)

Yes (n = 60) 22 (21Y24) 88 (81Y93)

*Patients versus community.
Kruskal-Wallis test used to evaluate for significance of variables between groups.

Pairwise comparison was then used to further evaluate significance.

TABLE 3. Proximity to Violence or Socioeconomic Status
Correlation

Proximity to violent hotspot Race 0.03

Estimated income G0.01

Role NS

Mechanism of injury NS

Attitude score NS

Willingness score NS

Estimated socioeconomic status Attitude score NS

Willingness score NS

Spearman’s correlation was used to evaluate relationships between two variables.
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direct community consequences of violence made community
members feel a stronger responsibility to find effective solu-
tions for the problem. Hill et al.27 found this to be the case in a
study investigating the relationship between exposure to vio-
lence and coping strategies among African American mothers,
where activism was identified as a commonly used strategy.

Violent mechanism of injury, however, represents a di-
rect exposure to violence and may acutely influence a subject’s
attitude and willingness to participate in emergency research.
We have previously reported a correlation between violent injury
mechanism and decreased support of EFIC in a more hetero-
geneous group of respondents.17 We have built on this previous
work and have identified these same trends in our urban resi-
dent cohort. Although violent mechanism of injury negatively
influenced attitudes toward EFIC in the context of the AVERT
Shock Trial, it did not diminish the general willingness to par-
ticipate in emergency research (Table 2). This lack of association
reinforces the assertion that our urban ‘‘community’s’’ exposure
to violence should not negatively bias our willingness to partner
with those most at risk for violent injury.

That being said, there is an undeniable history of unethical
medical research conducted in disenfranchised communities,
and it is not surprising that race and socioeconomic status have
been previously shown to correlate with mistrust of the medical
establishment. In particular, the infamous Tuskegee Syphilis
Experiment still influences opinion about research today.28,29

As a result, African American race has been independently

associated with distrust of medical investigators, even after
controlling for social class.28 Moreover, African American race
seems to significantly influence the willingness to participate in
EFIC research.30When presented with a theoretical study, Baren
et al.5 found that African American parents were significantly
less likely to consent to emergency research than white parents.
Given that the two most impoverished zip codes are also violent
hotspots inwhich themajority of residents are African American
(Figs. 2 and 3), we were surprised to discover that our study
demonstrated no direct correlation between race and willingness
to participate in emergency research. Similarly, socioeconomic
status did not correlate with attitude toward or willingness to
consent to emergency research.

Finally, sex has been previously implicated as a factor
influencing willingness to participate in emergency research, a
correlation that we did not observe.31,32 Although 70% of our
trauma patient population is male, half of the total respondents
in our study were female family members and community
meeting participants.11,33 Female family members may be
more likely to visit patients in the hospital or accompany them
to outpatient appointments, or females may be more likely to
voluntary as survey participants. Regardless, if one goal of the
community consultation process is to generate discourse with
the individuals who will be providing emergency consent, it is
appropriate for females to be equally represented because
mothers frequently function as legally authorized representa-
tives in our trauma population (unpublished data).

Figure 2. Percentage of residents 200% below poverty line by Philadelphia zip code.
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So, why is there discordance between our findings and
those of many previous well-conducted studies?5,7,31 The answer
may lie in the approach we took to conduct our community
consultation. Our process included a significant educational
component aimed at building understanding and trust between
respondent and researcher, an essential component of the rela-
tionship required for successful EFIC investigations.7,11,33,34

Specifically, each subject completed the survey in the context of
either a semistructured interview while in the hospital or at the
clinic or following an hour-long community-based focus group.
AsThomas found, ‘‘Engaging indialoguewith at-riskgroupsoften
empowers them to create effective solutions for addressing con-
cerns.’’35 In this study, we engaged with an urban community at
risk for inclusion in a trial investigating a novel therapy for
hemorrhagic shock.Althoughat theoutset of this investigation,we
theorized that race, socioeconomic status, and exposure to vio-
lencewould lead to lower levels of willingness to collaborate with
researchers, we found this not to be the case. We believe our
positive findings resulted from a community consultation process
that engaged with and educated the geographic and at-risk com-
munity. By understanding the potential benefits of emergency
research in the context of one of the community’s pervasive public
health issues, we believe respondents were able to look beyond
underlying mistrust of the medical establishment toward a more
considered opinion about trauma research.

In addition, although previous studies have found asso-
ciations between income and consent decisions in EFIC trials,
these trials relied on either read survey tools or those admin-
istered during acute care in the emergency department.5,7 In
contrast, our community consultation process included sig-
nificant one-on-one education about the need for emergency
research, the process of EFIC research, and details regarding
the upcoming AVERT Shock Trial. While this process is cer-
tainly more resource intensive, it may serve to overcome the
well-documented issue of illiteracy for individuals engaged in
community consultation36Y38 while minimizing the impact of
socioeconomic status7,14 and providing an opportunity for trust
to develop between researcher and subject.

There are a number of limitations to this study. Perfor-
mance of a community consultation in the context of a widely
supported trial certainly could influence attitudes toward EFIC.
In addition, there is a selection bias for patients and families, as
we collected a convenience sample of those who were well
enough to participate in a 20-minute interview.39 This would
exclude the patients and families of patients who were acutely
ill or who died as a result of their injury. These patients and
families may not have been as supportive of emergency re-
search as thosewhowerewell enough to be discharged from the
hospital. Voluntary convenience sampling could also lead to
selection bias.39,40 Patients and families willing to participate

Figure 3. Percentage of African American residents by Philadelphia zip code.
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in the interviews may have been those generally more in
support of research. Similarly, members of the community
who were willing to participate in focus groups may have been
generally more in support of research. Members of the com-
munity with mistrust of the medical establishment and more
negative attitudes toward research, researchers, andmedicine in
general could have been either underrepresented or overrep-
resented.While the responses of our community members were
statistically more positive than those of our patients and family
members, all groups attitude and willingness scores were well
above neutrality. Although it is true that when people are in-
formed of an EFIC study, they are more likely to have a positive
attitude,41 one of the mandates of a community consultation is
to inform the community and solicit their educated advice and
recommendations regarding the proposed research. In addition,
estimation of proximity to violence was based on zip code data
of the respondent and the zip codes of violent hotspots. This
could lead to either overestimation or underestimation of the
subject’s actual proximity to violent hotspots. The survey re-
sponse rate for actual income was less than 20%; therefore, we
estimated income based on the median income for a zip code. It
is certainly possible that the median income for the re-
spondent’s zip code could misrepresent their actual income.
Lastly, this is a retrospective post hoc analysis, and therefore,
the data are not powered to prevent a Type 2 error.

Based on our data, we found no correlation between race,
socioeconomic status, or proximity to violence and willingness
to participate in EFIC research. Given this lack of correlation,
researchers should partner with at-risk communities to conduct
EFIC studies without concern that the consultation will be
negatively biased. Moreover, because EFIC research is abso-
lutely essential to develop lifesaving treatments, our research
can also serve as part of the growing body of literature pro-
viding guidance for institutional review boards as they navigate
the community consultation process.42 Although there remains
ongoing and valid concern regarding the most effective method
for engaging the community, we believe that community ed-
ucation and thoughtful partnerships with those most at risk are
investments worth making. It is clear that the time has come for
collaboration between at-risk communities and researchers in
the pursuit of better emergency care.
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Management of Blunt Abdominal Trauma (BAT) 
and Splenic Injury

▪ Combat casualty clinical vignette



Splenic Injury Prospective Outcomes Trial: An American 
Association for the Surgery of Trauma Multi-Institutional 
Study 

▪ Principal Investigator: Ben Zarzaur, MD, MPH at University of 
Tennessee Health Science Center 

▪ First multi-institutional, long-term prospective study of patients 
with blunt splenic injury

▪ Funded by the DoD through the National Trauma Institute for 
$299,422 (NTI-NCH-10-020 & W81XW-11-1-0841) 



Findings and Clinical Impact of Splenic Injury 
Prospective Outcomes Trial: An AAST Multi-Institutional 
Study 

▪ After the first 24 hour of nonoperative management, risk of 
splenectomy is rare:

▪ 3.1% during inpatient phase of care

▪ 0.27% during 180 days after discharge

▪ The benefits of splenic preservation techniques (angiography and 
embolization) are unclear. 

▪ This study highlighted the need for further large scale multicenter 
trials that randomize to either management with angiography and 
embolization or nonoperative management. (J Trauma Acute Care 
Surg. 2015.79;3, 335-342 and AAST Plenary Paper in 2014)



National Trauma Institute Mission

▪ To generate funds for clinical 
trauma research

▪ To discover new funding 
opportunities

▪ To advocate for trauma research 
across federal entities as well as 
other agencies

▪ To distribute those funds to 
clinical investigators, but to do no 
research ourselves



National Trauma Institute Origins

▪ 2003: Began as local organization of 3 Level 1 Trauma Centers 
(TRISAT); based within University of Texas Health Science Center at 
San Antonio (UTHSCSA)

▪ Product of both civilian and military trauma centers

▪ 2003-2006: Worked within UTHSCSA to achieve federal 
appropriations

▪ $4.2M total awarded for local trauma research/education & training;  
recruitment of first civilian burn center director at BAMC, funding salary 
for 5 years

▪ 2006: Reorganized as national non-profit entity 

▪ New Mission: to address lack of federal trauma research funding

▪ New Leadership: National Board of Directors



NTI Board of Directors includes members of…

▪ American Association for the Surgery of Trauma
▪ Eastern Association for the Surgery of Trauma
▪ Western Trauma Association
▪ Shock Society
▪ American College of Emergency Physicians
▪ Orthopedic Trauma Association
▪ American Association of Neurological Surgeons
▪ US Army Institute of Surgical Research
▪ US Navy
▪ US Army
▪ US Air Force



NTI Research Priorities

▪ Hemorrhage

▪ Non-compressible (truncal/torso)

▪ Blood Products 

▪ Resuscitation

▪ Shock and bleeding

▪ Coagulopathy

▪ Systemic and local hemostatic 
therapy

▪ Airway and Ventilation

▪ Infection

▪ Eliminating hospital acquired 
infections in the ICU

▪ Antibiotic utilization

▪ Disaster Preparedness

▪ Mass casualty

▪ Transportation of the critically ill

▪ Burn

▪ New skin

▪ Off the shelf skin

▪ Technology development



NTI Trauma Studies Funding Rounds

FIRST

▪ Issued first Request for Proposals 
(RFP) October 1, 2009 with 
$1.4M available funds

▪ 85 pre-proposals

▪ 15 full proposals reviewed on 
February 5, 2010

▪ 7 selected for funding March, 
2010

SECOND

▪ Issued second RFP June 10, 
2010 with $2.46M available 
funds

▪ 92 pre-proposals

▪ 21 full proposals reviewed on 
August 30, 2010

▪ 9 selected for funding January, 
2011



16 Lead Sites
NTI Research in

35 cities in

22 states

NTI Funded Studies 

43 Participating

Sites



Funded Awards

PI Name Institution Study $ Awarded Participating 

Sites

Martin Croce UTenn HSC Multicenter Prospective Evaluation of the Ventilator Bundle in Injured 

Patients

$225,000 5

Joel Baseman UTHSC - San 

Antonio

Mycoplasma Pneumoniae in the ICU
$190,000 

5

Fred Pieracci U Co. Denver A Multicenter, Randomized, Double-blind Comparison of Intravenous Iron 

Supplementation to Placebo for the Anemia of Traumatic Critical Illness
$188,541 

3

Shahid Shafi Baylor Hosp,

Dallas

Comparative Effectiveness of Clinical Care Processes in Resuscitation 

and Management of Moderate to Severe Traumatic Injuries
$225,000 

3

Jason Sperry U. Pittsburgh Characterization of the Effects of the Early Sex-Hormone Environment 

Following Injury
$225,000 

Single Center

Mitchell Cohen UC-SF Timing and Mechanism of Traumatic Coagulopathy $225,000 2

Carrie Sims U. Penn. Vasopressin Supplementation during the Resuscitation of Hemorrhagic 

Shock
$125,000 

Single Center

Ben Zarzaur AAST/PI: UTenn

HSC

Splenic Injury Prospective Outcomes Trial $299,422 11



Funded Awards (continued)

PI Name Institution Study $ Awarded Participating 

Sites

Jay J Doucet UC San Diego Detection and Management of Non-Compressible Hemorrhage by Vena 

Cava Ultrasonography
$230,000 

3

Jean-Francois Pittet U AL Birmingham Effect of Antioxidant Vitamins on Coagulopathy and Nosocomial 

Pneumonia after Severe Trauma
$300,000 

Single Center

Mark Cipolle Christiana HCS, DE The Safety and Efficacy of Platelet Transfusion in Patients Receiving 

Antiplatelet Therapy that Sustain Intracranial Hemorrhage
$130,500 

Single Center

Henry Cryer UCLA Transfusion of Stored Fresh Whole Blood in a Civilian Trauma Center: A 

Prospective Evaluation of Feasibility and Outcomes
$200,000 

Single Center

Suresh Agarwal Boston Med Center Acute Lung Injury Ventilation Evaluation (ALIVE) Trial $295,172 5

Robert Maxwell UTenn HSC, 

Chattanooga

Methicillin-Resistant Staphylococcus aureus in a Trauma Population: Does 

Decolonization Prevent Infection?
$180,000 

1

Martin A Schreiber Oregon Health & 

Science University

Thrombelastography (TEG®) based dosing of enoxaparin for 

thromboprophylaxis: a prospective randomized trial

$675,761 3

Lena M. Napolitano U Mich Health 

System, Ann Arbor 

Hepcidin and Anemia in Trauma
$154,109 

Single Center



Initial Scientific Contributions

▪ Sixteen peer-reviewed publications

▪ Two publications in press

▪ One manuscript submitted/under review

▪ Sixteen national, 2 regional and 6 local presentations

▪ Ten of the 13 completed studies have published or submitted a 
manuscript (76%)

▪ Two PIs received additional funding through NTI applications to the 
Joint Warfighter Medical Research Program ($500K each)

▪ Twelve PIs trained junior researchers, fellows, residents or 
students on their study



Timing and Mechanism of Traumatic Coagulopathy

▪ Principal Investigator: Mitchell Cohen, MD, at University of 
California San Francisco 

▪ Funded by the DoD through the National Trauma Institute for 
$224,950 (W81XWH-10-1-0924 & NTI-TRA-09-034)

▪ Prospective, multi-institutional observational study to characterize 
coagulation parameters in the severely injured, to use systems 
biology to identify the central mediators involved in coagulopathic
phenotypes and to develop a predictive model to support diagnosis 
and treatment



Findings and Clinical Impact of Timing and 
Mechanism of Traumatic Coagulopathy

▪ Identified clinical significant platelet dysfunction after trauma in 
the presence of a reassuring platelet count and clotting, with 
profound implications for mortality. Arachidonic acid and collagen 
responsiveness are independent predictors of mortality (J Trauma 
Acute Care Surg. 2012; 73: 13-19)

▪ Consideration of empiric antifibrinolytic therapy is warranted in 
trauma patients presenting with acidosis, hypothermia, 
coagulopathy, or relative thrombocytopenia. These criteria 
facilitate empiric treatment of hypofibrinolysis for clinicians 
without access to thromboelastography (J Trauma Acute Care Surg. 
2012; 73: 87-93)



Findings and Clinical Impact of Timing and 
Mechanism of Traumatic Coagulopathy (continued)

▪ Extracellular histone levels are elevated in response to traumatic 
injury, correlate with fibrinolysis and activation of anticoagulants 
and are predictive of mortality from admission to 6 hours.

▪ Concomitant elevation of activated protein C (aPC) abrogates this 
effect, suggesting a possible role for aPC in mitigating sterile 
inflammatory response through the proteolysis of circulating 
histones (J Trauma Acute Care Surg. 2012; 73: 1389-1394 & WTA 
2012 Plenary Paper)

▪ Characterization of the cause death in severely injured patients 
requiring massive transfusion suggest targeted surgical and 
resuscitative strategies to increase the physiologic reserve time 
and potential survivability (J Trauma Acute Care Surg. 2013;75: 
S255-262)



Findings and Clinical Impact of Timing and 
Mechanism of Traumatic Coagulopathy (continued)

▪ Although 1:1:1 reconstituted whole blood (RWB) had a superior 
clotting profile relative to 2:1:1 RWB, platelet modified whole 
blood (MWB) exhibited even better global hemostasis than 1:1:1 
RWB. 

▪ Characterization of factor-level and functional clotting differences 
between WB variants is imperative for understanding the clinical 
benefits of hemostatic resuscitation. (J Trauma Acute Care Surg. 
2014;77: 818-827 and WTA 2014 Plenary Paper)



Scientific Impact of Timing and Mechanism of Traumatic 
Coagulopathy (PI: Mitchell J. Cohen, MD)

The most cited 
publication from this 
study is the 2013 JOT
manuscript 
Characterization of 
platelet dysfunction 
after trauma. It has 
been cited 77 times. 



The Science of Conducting Trauma Research

▪ National Trauma Institute Research Group et al. The National 
Trauma Institute: Lessons learned in the funding and conduct of 
sixteen trauma research studies. J Trauma Acute Care Surg. 2016 
(epub ahead).

▪ Smith SL, Price MA, Fabian TC, Jurkovich G, Pruitt BA, Jr., Stewart 
RM, Jenkins DH. The National Trauma Research Repository: 
Ushering in a new era of trauma research. SHOCK: 2016 Military 
Supplement. Accepted for publication.



National 
Trauma 

Research 
Repository

▪ A robust, searchable and scalable 
repository for data resulting from current 
and future clinical and basic trauma 
research

▪ All federally funded clinical trauma 
investigators will be eligible to contribute 
their data.

▪ Coordination between agencies and 
civilian academic and professional 
trauma organizations through data 
sharing will further data utilization, 
cooperation and collaboration.



10 Years of Advocating for Trauma Research

▪ Works with Congressional offices to seek sponsors and supporters 
to augment the Defense Health Agency budget for trauma 
research

▪ NTI works with principle investigators (PIs) and institutions to 
obtain funding through a competitive proposal process

▪ NTI has generated and/or managed $55M in trauma research 
funding since 2003



Coalition for National Trauma Research (CNTR)

▪ In 2014, CNTR formed to advocate for adequate, sustained federal 
funding for trauma clinical research studies, a national research agenda 
and infrastructure

▪ CNTR successfully advocated for additional $10M in DoD budget for 
FY2016 for a clinical trauma research network

▪ Advocating for additional $10M in the DoD budget for FY2017 
(supported by 15 senators and 69 representatives from 25 states)

▪ Received notification of first DoD award to CNTR for Multi-institutional 
Multidisciplinary Injury Mortality Investigation in the Civilian Pre-Hospital 
Environment (MIMIC) to investigate potentially preventable deaths in the 
prehospital setting in 6 states in partnership with the National 
Association of Medical Examiners and Johns Hopkins Bloomberg School 
of Public Health
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Lessons 
learned in 
funding 16 
trauma studies
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National Trauma Institute Mission

▪ To generate funds for clinical 
trauma research

▪ To discover new funding 
opportunities

▪ To advocate for trauma research 
across federal entities as well as 
other agencies

▪ To distribute those funds to 
clinical investigators, but to do no 
research ourselves



National Trauma Institute Origins

▪ 2003: Began as local organization of 3 Level 1 Trauma Centers 
(TRISAT); based within University of Texas Health Science Center at 
San Antonio

▪ Product of both civilian and military trauma centers

▪ 2003-2006: Worked within UTHSCSA to achieve earmarks/federal 
appropriations

▪ $4.2M total awarded for local trauma research/education & training;  
recruitment of first civilian burn center director at BAMC, funding salary 
for 5 years

▪ 2006: Reorganized as national non-profit entity 

▪ New Mission: to address lack of federal trauma research funding

▪ New Leadership: National Board of Directors



NTI Board includes members of…

▪ American Association for the Surgery of Trauma

▪ Eastern Association for the Surgery of Trauma

▪ Western Trauma Association

▪ Shock Society

▪ US Army Institute of Surgical Research

▪ American College of Emergency Physicians

▪ Orthopedic Trauma Association

▪ American Association of Neurological Surgeons

▪ US Navy

▪ US Army

▪ US Air Force



NTI Research Priorities

▪ Hemorrhage
▪ Non-compressible (truncal/torso)

▪ Blood Products 
▪ Freeze-dried blood

▪ Blood substitute

▪ Resuscitation
▪ Optimal resuscitation, whether to 

resuscitate, what to resuscitate with

▪ Prediction models of resuscitation 
requirements

▪ Fluid treatments

▪ Immunomodulatory effects of 
resuscitation

▪ Shock and bleeding

▪ Coagulopathy

▪ Systemic and local hemostatic therapy

▪ Infection
▪ Eliminating hospital acquired infections 

in the ICU

▪ Antibiotic utilization

▪ Disaster Preparedness
▪ Mass casualty

▪ Transportation of the critically ill

▪ Burn
▪ New skin

▪ Off the shelf skin

▪ Airway and Ventilation
▪ Ventilation-induced injury

▪ Technology development



NTI Award and Contract Management

▪ Work with principle investigators (PIs) and institutions to obtain 
IRB and DoD (HRPO) approvals following funding rounds

▪ Execute sub-contracts with each lead organization and, in some 
cases, all participating institutions

▪ Manage funds and payments to sub-awardees

▪ Manage federal monitoring and compliance activities,            
gather periodic reports from sub-awardees and                   
integrate into required federal reports 



NTI Trauma Studies Funding Rounds

FIRST

▪ Issued first Request for Proposals 
(RFP) October 1, 2009 with 
$1.4M available funds

▪ 85 pre-proposals

▪ 15 full proposals reviewed on 
February 5, 2010

▪ 7 selected for funding March, 
2010

SECOND

▪ Issued second RFP June 10, 
2010 with $2.46M available 
funds

▪ 92 pre-proposals

▪ 21 full proposals reviewed on 
August 30, 2010

▪ 9 selected for funding January, 
2011



16 Lead Sites
NTI Research in

35 cities in

22 states

NTI Funded Studies 

43 Participating

Sites



Funded Award Details

PI Name Institution Study $ Awarded Participating 

Sites

Martin Croce UTenn HSC Multicenter Prospective Evaluation of the Ventilator Bundle in Injured 

Patients

$225,000 5

Joel Baseman UTHSC - San 

Antonio

Mycoplasma Pneumoniae in the ICU
$190,000 

5

Fred Pieracci U Co. Denver A Multicenter, Randomized, Double-blind Comparison of Intravenous Iron 

Supplementation to Placebo for the Anemia of Traumatic Critical Illness
$188,541 

3

Shahid Shafi Baylor Hosp,

Dallas

Comparative Effectiveness of Clinical Care Processes in Resuscitation 

and Management of Moderate to Severe Traumatic Injuries
$225,000 

3

Jason Sperry U. Pittsburgh Characterization of the Effects of the Early Sex-Hormone Environment 

Following Injury
$225,000 

Single Center

Mitchell Cohen UC-SF Timing and Mechanism of Traumatic Coagulopathy $225,000 2

Carrie Sims U. Penn. Vasopressin Supplementation during the Resuscitation of Hemorrhagic 

Shock
$125,000 

Single Center

Ben Zarzaur AAST/PI: UTenn

HSC

Splenic Injury Prospective Outcomes Trial $299,422 11



Funded Award Details (continued)

PI Name Institution Study $ Awarded Participating 

Sites

Jay J Doucet UC San Diego Detection and Management of Non-Compressible Hemorrhage by Vena 

Cava Ultrasonography
$230,000 

3

Jean-Francois Pittet U AL Birmingham Effect of Antioxidant Vitamins on Coagulopathy and Nosocomial 

Pneumonia after Severe Trauma
$300,000 

Single Center

Mark Cipolle Christiana HCS, DE The Safety and Efficacy of Platelet Transfusion in Patients Receiving 

Antiplatelet Therapy that Sustain Intracranial Hemorrhage
$130,500 

Single Center

Henry Cryer UCLA Transfusion of Stored Fresh Whole Blood in a Civilian Trauma Center: A 

Prospective Evaluation of Feasibility and Outcomes
$200,000 

Single Center

Suresh Agarwal Boston Med Center Acute Lung Injury Ventilation Evaluation (ALIVE) Trial $295,172 5

Robert Maxwell UTenn HSC, 

Chattanooga

Methicillin-Resistant Staphylococcus aureus in a Trauma Population: Does 

Decolonization Prevent Infection?
$180,000 

1

Martin A Schreiber Oregon Health & 

Science University

Thrombelastography (TEG®) based dosing of enoxaparin for 

thromboprophylaxis: a prospective randomized trial

$675,761 3

Lena M. Napolitano U Mich Health 

System, Ann Arbor 

Hepcidin and Anemia in Trauma
$154,109 

Single Center



Methods

▪ The NTI Executive and Science Committees identified key study 
management topics

▪ A semi-structured interview with 30 open-ended questions was 
developed addressing:

▪ Project management

▪ Regulatory review

▪ Financial management

▪ Investigator development

▪ Scientific productivity

▪ 15 of 16 principal investigators (PIs) participated in the interviews



Methods  (Continued)

▪ PI responses were de-identified and analyzed in aggregate

▪ NTI Science Committee meeting minutes and policies were 
reviewed

▪ NTI project management data and reports were reviewed

▪ Descriptive statistics and qualitative analysis performed



Results

▪ Study Oversight by NTI

▪ PIs submitted quarterly progress reports to the NTI Science Committee

▪ Science committee met regularly to review progress

▪ Science committee members met with PIs regarding any concerns 
such as slow progress on IRB & HRPO and participant accruals to 
develop a corrective plan

▪ Three studies were closed due to low enrollment or other start-up 
delays

▪ NTI submitted quarterly progress reports to federal funding source



Institutional Approval Challenges

▪ Studies were reviewed and approved by local Institutional Review Boards (IRBs) 
and then by the DoD Human Research Protection Office (HRPO)

▪ Funding contracts could not be issued until HRPO approval was obtained

▪ Time to IRB & HRPO approval varied widely

▪ 6 studies had IRB approval by the time they were selected for funding

▪ Among the remaining 10 studies, the mean number of days from funding selection to 
IRB approval was 210 days 

▪ Randomized clinical trials had the highest mean days (262 days)

▪ Mean number days from selection to HRPO approval was 401 days 

▪ 40% of PIs reported challenges in obtaining approval.



Study Progression – Measured in Calendar Days
Study Study Type Selection to 

IRB Approval

IRB Approval to DoD 

HRPO Approval

DoD HRPO 

Approval to 

Enrollment

NTI Prime 

Contract to Site 

Enrollment

Enrollment & 

Data Collection

1 RCT 537 424 133 950 Ongoing

2 PO * ** 0 125 693

3 PO * ** 194 242 751

4 HV * ** 280 437 105

5 RCT 128 220 115 226 673

6 PO 76 92 8 29 686

7 PC 51 234 0 138 943

8 PO * ** 88 40 382

9 RCT 155 779 7 704 140

10 PO 88 67 116 128 794

11 RCT 248 115 30 246 829

12 PO 307 111 30 211 688

13 RR * ** NA NA NA

14 RCT 173 249 68 253 381

15 RCT * ** 141 482 828

16 RCT 332 222 276 593 104

Mean Days 210 251 99 320 571

Minimum 51 67 0 29 104

Maximum 537 779 280 950 943

Standard 

Deviation

142 221 91 254 280

IRB: Institutional Review 

Board; DoD HRPO: 

Department of Defense 

Human Research 

Protection Office; HV: 

Healthy Volunteer; PC: 

Prospective Cohort; PO: 

Prospective 

Observational; RCT: 

Randomized Clinical Trial; 

RR: Retrospective 

Review; NA: Not 

Applicable; *Denotes 

studies that had IRB 

approval at the time of 

selection notification; 

**Unknown



Screening & Enrollment

▪ Enrollment periods ranged from 104 – 943 days (Mean=551; 
SD=280 days)

▪ 28,725 patients were screened and 5,579 were participants were 
enrolled (as of January 2016)

▪ 33% of PIs reported screening & enrollment were at or above targets

▪ 67% of PIs reported screening & enrollment were below targets

▪ Lower incidence of disease

▪ Sicker patients or shorter lengths of stay

▪ Patient or family refusal to consent

▪ Insufficient staffing during evenings, nights & weekends



Multi-site Study Coordination

▪ 10 studies were multi-site (ranging from 2-11 sites)

▪ 4 studies had site attrition 

▪ IRB/HRPO delays or required protocol changes

▪ PI was deployed

▪ Insufficient funding

▪ PIs emphasized importance of monitoring screening & enrollment 
at multiple sites with regular meetings and reporting



Study Financial Management

▪ Nine PIs reported study funding was insufficient (6 of these budgets had 
been reduced by the NTI Science Committee)

▪ Budgeted staffing ranged from 0.6 to 2.4 full time equivalents (FTEs)

▪ Budgeted PI time ranged from 0.0 to 0.25 FTEs

▪ Nine PIs augmented study funding from other sources

▪ Seven PIs achieved 24/7 coverage with funding from other sources 



Current Status of Studies

▪ Ten studies completed initial data analysis

▪ Two studies are analyzing initial data

▪ One study is still enrolling 

▪ Three studies were closed due to low enrollment or start-up issues



Initial Scientific Contributions

▪ Sixteen peer-reviewed publications

▪ Two manuscripts submitted/under review

▪ Fifteen national, 2 regional and 6 local presentations

▪ Ten of the 13 completed studies have published or submitted a 
manuscript (76%)

▪ Two PIs received additional funding through NTI applications to the 
Joint Warfighter Medical Research Program ($500K each)

▪ Twelve PIs trained junior researchers, fellows, residents or 
students on their study



Discussion – Lessons Learned

▪ Regulatory process management

▪ Multi-site coordination

▪ Funding adequacy

▪ Importance of an existing research infrastructure



Institution- or Process-Related Challenges

Challenges Recommendations

Multiple human subject review processes at two or 

more levels (IRB & HRPO)

Incorporate required IRB and HRPO language in protocol and 

consent documents in first submission to IRB; Academic 

departments should facilitate IRB application submissions. 

IRB approval should be obtained prior to submission of the 

funding application.

Completing community consultation process prior to 

the grant award

Identify funding from alternate source (e.g., departmental 

start-up or bridge funds) if funding is not provided by granting 

institution. Community consultation should be completed 

prior to submission of funding application.

Data sharing restrictions between trauma centers Determine the potential for data sharing prior to including 

investigative sites in proposal



Investigator-Related Challenges

Challenges Recommendations

Inadequate assessment of eligible patient density Require that the PI document study patient accessibility and 

report recruitment success in clinical studies completed at the 

hospital over the past three years.

Underestimation of PI effort, personnel and other 

study costs

Application budgets should accurately include PI effort, staff 

and other costs at all sites. PIs should also document adequate 

research infrastructure and institutional support.

Site attrition among multi-site studies Thorough assessment of site capacity and study requirements 

(by each site PI) should be completed at the time of site 

enrollment during the application process. PIs and funding 

organizations should establish quarterly progress goals and 

require explanation of failure to meet goals in quarterly 

progress reports.



Limitations

▪ Experiences drawn from this group of studies may not be 
representative of study management in all settings

▪ PIs were interviewed at various stages of the research process so 
their perspectives on barriers and facilitators may have been 
impacted

▪ Study management data were reviewed retrospectively with some 
equivocal or missing data



Next Steps

▪ Center for National Trauma Research (CNTR) formed to advocate 
for adequate, sustained federal funding for trauma clinical 
research studies and infrastructure

▪ CNTR successfully advocated for additional $10M in DoD budget 
for FY2016 for a clinical trauma research network

▪ Advocating for additional $20M in the DoD budget for FY2017 
(currently supported by 15 senators and 69 representatives from a 
total of 25 states)

▪ NTI secured DoD funding to develop a National Trauma Research 
Repository
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