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Abstract

The objective of the overall project was to develop a center of excellence in disaster
preparedness and emergency response, linking together three major institutions and gaining
research, education, and clinical synergies from the collaborations between their subject matter
experts.

The University Center for Disaster Preparedness and Emergency Response (UCDPER)
has been established as a joint initiative of Rutgers, The State University of New Jersey,
UMDNJ-Robert Wood Johnson Medical School, and Robert Wood Johnson University Hospital.
UCDPER’s missions include protection of the lives, health and well-being of the general public,
vulnerable populations and the workforce — and protection of societal, economic and physical
infrastructure — through research, education, cbmmunity outreach and clinical advances in
preparedness and response to all-hazards emergencies, disasters, and terrorism.

The research projects conducted pnder the UCDPER umbrella have produced
recommendations, guidelines, and models focused on maximizing effectiveness and efficiency of
disaster preparedness and emergency response in all-hazards scenarios.

Collaboration across the three partner institutions has become robust over the course of
the project. Follow-up projects are being planned. The novel findings of this overall effort and

its projects will be disseminated through publication and presentation.
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INTRODUCTION

Background
The University Center for Disaster Preparedness and Emergency Response (UCDPER) is a
joint initiative of Rutgers, The State University of New Jersey (RUTGERS), UMDNJ-Robert
Wood Johnson Medical School (UMDNJ-RWIMS), and Robert Wood Johnson University
Hospital (RWJUH). The overall effort was funded by the Construction Engineering Research
Laboratory (CERL) of the Engineer Research and Development Center (ERDC) of the U.S.
Army Corps of Engineers under Department of Defense Grant Number W9132T-10-1-0001.
Missions of University Center for Disaster Preparedness and Emergency Response are:
e to protect the lives, health, and well-being of the general public, vulnerable
populations, and the workforce, and
e to protect the societal, economic, and physical infrastructure of New Jersey and the
nation, through
e research, education, community outreach, and clinical advances in
preparedness and response to all-hazards emergencies, disasters, and terrorism.
UCDPER is founded upon the strengths and successes of our three parent institutions in a
unique partnership that includes world-class scientific strengths in disaster medicine, trauma,
exposure science, toxicology, engineering, and mathematics/computer science.

UCDPER builds on highly successful interdisciplinary activities including Level 1
Trauma Center at RWJUH/UMDNJ-RWIMS; the EPA Center on Exposure and Risk
Modeling at UMDNJ-RWIMS; the NIH CounterACT Center at UMDNJ-RWIMS; the Center
for Advanced Infrastructure and Transportation (CAIT) at Rutgers; the National

Transportation Security Center of Excellence (NTSCOE) at Rutgers; the International



Center for Terror Medicine (ICTM) at RWJUH; the DHS Center of Excellence for Command,
Control, and Interoperability (CCICADA) at Rutgers, and the DHS University Center of
Excellence in Dynamic Data Analysis (DyDAn) at Rutgers.

UCDPER links together subject matter experts from our three parent institutions creating a
broad spectrum of multidisciplinary capabilities in all-hazards preparedness and response. This
combination of efforts and strengths makes our Center a unique resource for New Jersey and the
nation. Furthermore, our Center works closely with the Federal Departments of Defense, Health
and Human Services, Energy, Environmental Protection, and Homeland Security, and with the
New Jersey Office of Homeland Security and Preparedness, the New Jersey Department of
Health and Senior Services, and the New Jersey Domestic Security Preparedness Task Force.

New Jersey is the home base for UCDPER. Strategically located between New York City
and Philadelphia, New Jersey is the most densely populated state in the nation and is home to a
major portion of the Northeast corridor of roadway and railway transit and transportation. New
Jersey has a significant history of natural and man-made, accidental and intentional disasters and
health emergencies. In addition, New Jersey has infrastructure vital to national security and
economic stability including major industries and utilities, military bases, financial and
commercial centers, population concentration points, and transportation/transit links.

The UCDPER’s Executive Committee convenes on a monthly basis or more often if needed
to discuss current events, issues, and projects and to provide guidance and recommendations.

The Executive Committee is composed of the following members:

¢ Clifton R. Lacy, M.D. (RUTGERS/UMDNIJ-RWIMS/RWJUH)
e Fred S. Roberts, Ph.D. (RUTGERS)
o Ali Maher, Ph.D. (RUTGERS)



e Michael R. Greenberg, Ph.D. (RUTGERS)

o Vicente H. Gracias, M.D. = (UMDNIJ-RWIMS)
e Paul J. Lioy, Ph.D. (UMDNJ-RWIMS)
o Jeffrey D. Laskin, Ph.D. (UMDNIJ-RWIMS)
e Judith E. Burgis, M.S. (RWJUH)

e Michael Antoniades, M.P.A. (RWJUH)

o Robert Eisenstein, M.D. (RWJUH)

The findings derived from the Research and Development activities of the Center and from
the Clinical and Health Care Preparedness and Response activities of the Center are establishing
scientific advances that will improve both military and civilian disaster preparedness and
emergency response.

Objective

The research conducted at Rutgers University and its partners (UMDNJ-RWIMS and
RWIJUH) is under the umbrella of the University Center for Disaster Preparedness and
Emergency Response (UCDPER).

The various research efforts conducted under this grant are described in this document. The
overall objective was to develop a center of excellence in disaster preparedness and emergency
response.

Approach

Phase I of the current project consisted of thirteen research efforts which are presented along
with their respective abstracts on Table 1: List of Research Projects. Ten of these projects have
been successfully completed and three are still in progress.

Detailed Technical Reports for each research effort are presented in chapters 1 through 10.



Mode of Technology Transfer

Explicitly-stated aims and missions of UCDPER include Research and Development as well
as the dissemination of research results to improve disaster preparedness and emergency
response. The UCDPER Executive Committee, Project Leaders, and Investigators will produce
journal quality scholarly articles and scientific presentations related to and highlighting Center

development and research activities.

CONCLUDING CHAPTER
Summary

The University Center for Disaster Preparedness and Emergency Response (UCDPER) is a
joint initiative of Rutgers, The State University, UMDNJ-Robert Wood Johnson Medical School,
and Robert Wood Johnson University Hospital. UCDPER’s missions are protection of the lives,
health and well-being of the general public, vulnerable populations and the workforce — and
protection of societal, economic and physical infrastructure — through research, education,
community outreach and clinical advances in preparedness/response to all-hazards emergencies,
disasters and terrorism.

The objective of this overall effort was to develop a center of excellence in disaster
preparedness and emergency response.

The First Phase of the overall project has concluded with robust collaboration between
subject matter experts of the three partner institutions, ten projects successfully completed, and

three projects expected to be concluded by February 15, 2011.



The research projects conducted under the UCDPER umbrella have produced
recommendations, guidelines, and models focused on maximizing effectiveness and efficiency of
disaster preparedness and emergency response in all-hazards scenarios.

Fefferman’s study showed that shelter location, resource allocation to shelters, and the
ability to rapidly and accurately communicate appropriate evacuation routes to the public will
drastically affect the success of public health preparedness/intervention strategies for heat-
events. It further demonstrated the utility of coupling theoretical optimization strategies with
simulation-based methods to determine likely outcomes for public health interventions.

Greenberg and Lahr designed and tested economic simulation models to assess the impact of
regional economic impacts of hazards events on a major rail corridor and to estimate the costs
and benefits of making the system more capable of withstanding events and recovering from
them.

Cost containment and performance are major issues in Emergency Management (EM) and
Disaster Recovery (DR) network operations. Garabaglu’s results demonstrated that considerable
cost savings and performance for EM/DR networks could be achieved when using more
advanced technology and access methods. An optimal and cost-effective solution based on
concepts of cloud communications and intelligent network architecture is recommended.

Laskin’s study on biomarkers has provided significant new information on the mechanism of
action of vesicants that it is likely to lead to new medicines that can be used to treat individuals
exposed to these chemical agents.

Altiok addressed the issue of managing inventories of medical supplies and especially the
critical ones in hospitals under surge (pandemic) scenarios. The purpose of the study was to

provide guidelines to implement a formal procedure to help decision makers managing



inventories in the health care industry. A Dynamic Programming optimization model was
constructed to optimally manage the inventory of critical medical supplies in hospital settings.

The project on patient flow optimization and emergency hospital operations conducted by
Jafari concluded that real time information on patient tracking and resource availability can
significantly improve patient flow throughout hospitals.

Balaguru evaluated the levels of protection conferred by use of thin films to reduce blast-
related fragmentation and shattering of glass panels on response vehicles’ windshields. Two
different protective films (VehicleGARD® and ShatterGARD®) were tested for their suitability
in emergency response situations. Both films tested better than the control sample; however,
VehicleGARD was more suitable for visibility after impacts.

The work on community catastrophic planning performed by Isukapalli and his team
provides a framework that will allow improvement of emergency planning and response.

Three education and training sessions related to all-hazards health threats resulting in mass
casualties were conducted and assessed under DiFerdinando’s direction. These exercises were
performed in conjunction with federal, state, county, and local partners.

Collaboration across the three partner institutions has become robust over the course of the
project. Follow-up projects are being planned. The novel findings of this overall effort and its
projects will be disseminated through publication and presentation. A regional scientific meeting
of UCDPER, scheduled for December, 2011, will highlight the disaster preparedness and

emergency response research findings.



Conclusions

Our efforts have created a highly productive collaboration between three major institutions
in the State of New Jersey — Rutgers, the State University, UMDNJ-Robert Wood Johnson
Medical School and Robert Wood Johnson University Hospital — resulting in the development of
a multidisciplinary University Center for Disaster Preparedness and Emergency Response
(UCDPER) and the successful completion of ten important research projects aimed at improving
the capability and capacity to effectively and efficiently respond to a wide variety of disasters
and major emergencies. Three projects are still underway and their results will be reported when

completed. Conclusions of individual projects can be found in Chapters! through 10.

Recommendations

A number of the projects carried out have yielded important results upon which additional
research efforts should be based to further improve disaster preparedness and response.

Further collaborative efforts with institutions and investigators should be developed to
address issues of regional and national importance.

Efforts should be developed to increase the spectrum of research to include all hazards:
biological, chemical, radiological, nuclear, explosive and incendiary.

Widespread dissemination of the results to affiliated and unaffiliated subject matter experts
will maximize the impact of the findings and the likelihood of further development and
implementation.

Translation of the research findings into practice will yield products and interventions to
benefit both civilian and military populations challenged by disasters and emergencies of natural,

accidental, and intentional origin.



TABLE

Table 1: List of Research Projects

0901 F

Biomarkers of Exposure to Chemical Terrorism Agents (Jeffrey D. Laskin, Ph.D.)

Abstract: This study focuses on developing biomarkers for sulfur mustard and related agents. The
project determines whether vesicant chemical terrorism agents of related chemistry from different
sources yield different signatures when reacted with a surrogate of an experimentally established
target of the agents. This research provides an understanding of how the reactivity of various
mustards will vary as a function of contamination with breakdown products. The project identifies
the identity of targets for vesicants on sensitive proteins that can be used as biomarkers of exposure,
compares different vesicants on the same target, and constructs a model on how vesicants bind to
specific proteins. Unique alkylation profiles can be used to determine the identity, quality, and
source of chemical terrorism agents.

0902 F

Interpretation of Prospective Exposure Studies Completed in New York City for Community
Catastrophic Planning (Sastry S. Isukapalli, Ph.D.)

Abstract: This study focuses on utilizing exposure concentration results from the New York urban
dispersion program (UDP) to establish the spatial and temporal patterns of impact from exposure to
highly toxic substances on members of the general public in New York City. Exposures using
typical human activity patterns are studied. UDP Data are interpreted in relation to information used
currently by community planners and emergency responders within urban settings. The agent-
specific analysis results are employed to augment or provide suggestions for adjustments to existing
guidelines on evacuation, sheltering in place, transportation, and location of risk zone perimeters
after hazardous events. The study also incorporates estimates of the magnitude and severity of
casualties obtained for each toxic agent into a framework for characterizing stresses on health care
resources and are used to improve the strategy for the spatial location of passive samplers in New
York City and other locations that can be deployed after an event to determine the residual
contamination from non-volatile agents.

0903 F

In

Progress

Role Adherence Versus Role Abandonment in Disasters: Determinants of Response Personnel
Availability and Willingness to Perform (Clifton R. Lacy, M.D.)

Abstract: This study characterizes the likelihood of availability and willingness to perform their
duties and the effect on role adherence versus role abandonment in response personnel of various
disciplines during different disasters and health emergencies. The project also characterize the
determinants of availability and willingness to perform and the impact of mitigating factors on
improving availability and willingness to perform. The study characterizes and compare the
differences in responses of personnel of various disciplines.




0904 F

Emergency Shelter Location and Resource Allocation (Nina H. Fefferman, Ph.D.)

Abstract: This study develops optimization and simulation models to examine the optimal location
of emergency shelters and allocation of resources into the shelters and area hospitals to minimize
access time and maximize quality of service in responding to needs of individuals. The proposal
builds additions to the models to incorporate the potential for dynamic healthcare worker allocation.
This project yields active research-ware which will be able to provide a robust set of shelter
locations and evacuation routes for use in emergencies within specified study areas.

0905 F

Supply Chain of Critical Medical Resources for Emergency Situations (Tayfur Altiok, Ph.D.)

Abstract: This study evaluates supply chain activities of critical medical resources to be used by
hospitals in emergency incidents. The study focuses on the understanding of demand patterns for
critical medical resources and assessing optimal stockpiling and ordering policies. The project
utilizes a simulation-based approach considering a number of random parameters impacting
inventories of key drugs and equipment during emergencies. Based on demand patterns from
historical data, new inventory management strategies are developed for effectively meeting
hospitals' increased demand under emergency scenarios. A set of computational models are
developed to assist hospital administrators in making informed decisions about supply chain.

0906 F

Patient Flow Optimization under Regular and Emergency Hospital Operations (Mohsen A. Jafari,
Ph.D.)

Abstract: This study valuates techniques to optimize patient flow during regular and emergency
hospital operations. The project takes a logistical view of patient flow. The study focuses on system-
wide macro analysis of underlying processes that constitute the elements of patient flow in the
emergency room and its surrounding operations. The study uses quantitative metrics to measure
effectiveness and builds macro level simulations for patient flow under both normal and emergency
situations.

0907F

In

Progress

Comparison of Turnaround Times of Point-of-Care Testing and Laboratory-Based Testing for
Patients in the Emergency Department: Considerations for Use in Disaster Surge and Mass Casualty
Situations (Robert Eisenstein, M.D.)

Abstract: This study evaluates the use of Point-of-Care blood testing to avoid delays in patient
management, improve patient turnaround time, and enhance throughput in the Emergency
Department for routine care as well as during times of increased patient surge.

0908 F

Use of Ultrasound in the Emergency Setting to Improve Triage of Trauma Patients (Rajesh Geria,
M.D.)

Abstract: This study evaluates the use of portable ultrasound in the prehospital setting. Ultrasound
is used to rapidly determine presence or absence of pneumothorax, blood in the abdominal cavity,
and appropriate endotracheal tube placement. This project determines how this information,
obtained noninvasively in the prehospital setting, is used to improve patient care and to determine
the most appropriate facility to which to send the trauma patient.




0909 F

In

Progress

Use of Optical Scanning Devices to Improve the Speed of Emergency Patient Registration (Rajiv
Arya, M.D.)

Abstract; This study evaluates the use of optical scanning to improve speed and accuracy of data
collection for emergency department patient registration during daily routine and during periods of
increased patient surge. Speed and accuracy of registration are compared pre-and post
implementation of this new technology. This capability is of additional value in patient tracking
during mass casualty events.

0910P

Blast Resistant Glass Panels Using Thin Films for Protection of Emergency Vehicles
(Perumalsamy N. Balaguru, Ph.D.)

Abstract: This pilot study evaluates the levels of protection conferred by use of thin films to reduce
blast-related fragmentation and shattering of glass panels. The project evaluates the level of
protection provided by the film and the method to secure the film and the glass to the attached
frame.

0911 P

Assessing the Economic Benefits of Public Health Mitigation and Resilience Measures (Michael
Greenberg, Ph.D.)

Abstract: This study assesses the capacity to build low-cost regional economic models to evaluate
the economic impacts of disasters and emergencies with and without both pre- and post-event
interventions, with special focus on public health. The study examines and tests the feasibility of
building and using a mathematical economic model that will enable ready assessments of the
relative performance of a stressed economy. The study also addresses whether the costs of these
models are offset by the potential value of their use in actual planning for catastrophic events,
especially those related to public health.

0912P

Intelligent Demand Assigned Networks Cost and Performance (Mohsen Garabaglu, Ph.D.)

Abstract: This study evaluates the use of intelligent demand assigned networks with shared space
segment environments in reducing the cost of the satellite-based Disaster Recovery and Emergency
Management networks used during catastrophic events. System architecture are developed for an
intelligent demand assigned network with the capability of sharing network resources among
multiple entities. Comparative business models associated with both typical satellite networks and
intelligent demand assigned networks are developed. Intelligent demand assigned networks and
typical satellite Disaster Recovery and Emergency Management networks are compared based on
performance and cost savings.

09 13F

Bridging the Gaps between Public Health, the Health Care System, and First Responders (George
DiFerdinando, M.D., MPH)

Abstract: This project involves conducting and assessing education and training sessions pertaining
to all hazards health threats resulting in mass casualties. Training sessions target diverse
multidisciplinary elements of disaster preparedness and emergency response in counties or
multicounty regions of the state. Training and evaluation are performed in conjunction with federal,
state, county, and local partners.
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CHAPTER 1

Project 09 01F: Biomarkers of Exposure to Chemical Terrorism Agents
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DEVELOPMENT OF THE UNIVERSITY CENTER FOR
DISASTER PREPAREDNESS AND EMERGENCY RESPONSE (UCDPER)

Biomarkers of Exposure to Chemical Terrorism Agents
Project 09 01 F

Final Report

Investigators: Dr. Jeffrey D. Laskin,Ph.D., UMDNJ-RWJIMS. Environmental and Occupational
Health Sciences Institute, 170 Frelinghuysen Road, Piscataway, NJ 08854;

Email: jlaskin@eohsi.rutgers.edu

Panos Georgopoulos at UMDNJ-RWJIMS
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Abstract

Chemical weapons remain a threat to the military as well as civilian populations.
Mustard alkylating agents remain an agent of concern because of their toxicity, persistence in the
environment, difficulty in treating exposures, and lack of medical countermeasures. Sulfur
mustard is inexpensive and relatively easy to manufacture, it is also available from unaccounted
for munitions or disposal sites. Work in the present studies analyzed alkylation profiles of
mustard-class vesicants and yielded unique signatures when reacted with sensitive proteins so
that the agents may be differentiated from one another based upon reactivity. Using techniques
in analytical chemistry we also examined the possibility that breakdown products of vesicants

can modify target proteins. Unique profiles of modified targets were determined.
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Foreword
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INTRODUCTION

Background

There remains a major public health concern of exposure to toxic chemicals in a terrorist
attack. Chemical threats include toxins, toxic industrial chemicals as well as chemical warfare
agents. Higher priority chemical threats include vesicating agents such as sulfur mustard,
neurotoxic agents such as organophosphorus nerve “gases,” pulmonary agents such as chlorine
gas and metabolic/cellular poisons such as cyanide. In an emergency situation, it is critical to
know the nature of the chemical an individual has been exposed to and at what levels. This
information is important for patient evaluation and for determining appropriate medical
treatments and strategies for decontamination. Our plans are to focus on developing biomarkers
for sulfur mustard and related agents. These compounds are potent alkylating agents. By
determining the alkylation signatures of these vesicants on target proteins, we can gain
knowledge as to how these toxins function and identify biomarkers of exposure. These
biomarkers can be used by medical personnel to rapidly identify the nature of chemical exposure
in an emergency situation.
Objective

The purpose of this proposal was to determine whether vesicant chemical terrorism

agents of related chemistry from different sources yield different signatures when reacted with a
surrogate of an experimentally established target of the agents. We hypothesize that the reaction
of the model sulfur mustard vesicant 2-chloroethyl sulfide or a related analog mechlorethamine
(HN2) with a likely naturally occurring substrate, thioredoxin reductase (Holmgren and Lu,
2010) or related antioxidants such as superoxide dismutase, will produce unique signatures when

analyzed for adduct formation. In addition, we hypothesized that when mixed in varying
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proportions with naturally occurring sulfur mustard breakdown products, differentiable
alkylation signatures will be produced, based upon the relative amounts of these contaminants
present during the alkylation reaction. These products include thiodiglycol, which under certain
conditions react with mustards to generate sulfonium salts, and related sulfoxide and sulfone
derivatives which are oxidation products of the active principals. Little is known with regard to
the reactivity of these products, alone or in combination with the vesicants, much less toward a
likely protein substrate of the vesicant. Our research has provided a better understanding of how
the reactivity of various mustards will vary as a function of contamination with breakdown
products. They will also provide a set of biomarkers to establish exposure to vesicants.
Approach

Our approach was to analyze alkylation of target proteins by vesicants and to determine if
alkylation signatures on target proteins are modified by contamination products found in vesicant
preparations.
Methods

Proteins including thioredoxin reductase and superoxide dismutase were analyzed in cells
by western blotting to determine if they were modified by nitrogen mustard. Using purified
enzymes, proteins were analyzed using techniques in liquid chromatography mass spectroscopy
to identify alkylation signatures.
CONCLUDING CHAPTER
Findings

Oxidative stress plays a critical role in the toxicity of the nitrogen mustard bis(2-

chlorethyl) amine (HN2). The thioredoxin system, which consists of thioredoxin reductase

(TrxR), thioredoxin, and NADPH, is a key cellular antioxidant that is important in redox

17



regulation and protection against oxidative stress. HN2 contains two electrophilic chloroethyl
side chains that can react with nucleophilic amino acids in proteins leading to changes in their
structure and function. Previously, we reported that the monofunctionl vesicant 2-chloroethyl
ethyl sulfide targets TrxR by alkylating selenocysteine in the C-terminal redox motif of the
enzyme, a process leading to enzyme inhibition. In the present studies, we found that HN2
inhibits the thioredoxin system in A549 lung epithelial cells and in purified enzymes. Western
blot analysis revealed marked decreases in the TrxR monomer and increases in TrxR dimer and
oligmer formation indicating that HN2 cross-linked the enzyme. With the purified enzyme,
NADPH reduced, but not oxidized TrxR, was inhibited and cross-linked by HN2. Using biotin-
conjugated iodoacetamide (BIAM), which selectively reacts with selenol or thiol groups on
proteins, HN2 was found to decrease BIAM-labeled TrxR, suggesting that HN2 inactivates TrxR
by targeting critical selenol and/'or thiol groups on TrxR. LC-MS/MS analysis confirmed that
HN2 directly adducted to the cysteine- and selenocysteine-containing redox centers forming
monoadducts, intra-molecule and inter-molecule cross-links, leading to enzyme inhibition. HN2
also cross-linked and inhibited dose-dependently on thioredoxin. LC-MS/MS analysis
demonstrated that HN2 alkylated the cysteine residues in the redox center of thioredoxin, leading
to enzyme inactivation and oligomerization. Disruption of the thioredoxin system is likely to
contribute to HN2-induced oxidative stress and cytotoxicity.

We also found that HN2 targeted the antioxidant superoxide dismutase. Like thioredoxin
reductase, HN2 was found to cross-link the protein in target cells. LC-MS/MS analysis
identified the cross links at the interface of superoxide dismutase dimers on cysteine residues.
Based on this work, two proteins, thioredoxin reductase and superoxide dismutase were

identified as important biomarkers of exposure to vesicants. These studies should provide an
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initial framework for understanding the mechanism of action of vesicants, they will also provide
important sites for assessing exposure to an important chemical threat agent.
Reports and Manuscripts

a. Studies on thioredoxin reductase as a biomarker of vesicant exposure
Jan, YH, Heck, DE, Laskin DL and Laskin JD, Selective cross-linking of thioredoxin reductase
in lung epithelial cells by nitrogen mustard, a model sulfur mustard vesicant, manuscript in
preparation

Oxidative stress plays a critical role in sulfur mustard-induced toxicity. The thioredoxin
system, which consists of thioredoxin reductase (TrxR), thioredoxin, and NADPH, is a critical
cellular antioxidant that is important in redox regulation and protection against oxidative stress.
Nitrogen mustards, including mechlorethamine (HN2), contain two electrophilic chloroethyl side
chains which can readily react with nucleophilic amino acids in proteins, a process that can lead
to changes in protein structure and/or function. Previously, we reported that the monofunctionl
vesicant 2-chloroethyl ethyl sulfide targets TrxR by selectively alkylating selenocysteine in the
C-terminal redox motif of the enzyme, a process leading to enzyme inhibition. In the present
studies, we evaluated the effect of HN2 on the thioredoxin system using A549 lung epithelial
cells and purified TrxR. HN2 was found to cause a concentration-dependent (1-100 uM)
inhibition of TrxR in both systems. Western blot analysis revealed decreases in the TrxR
monomer and simultaneous increases in TrxR dimer formation. Using biotin-conjugated
iodoacetamide (BIAM) to selectively react with low pKa selenol or thiol groups on proteins at
pH 6.5, we found that HN2 differentially decreased BIAM-labeled TrxR in A549 cells and with
purified enzyme, suggesting a decrease in the reduced form of TrxR. These results suggest that

HN2 inactivates TrxR by targeting selenol and/or thiol containing redox centers and cross-
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linking TrxR peptides. Disruption of the Trx system is likely to contribute to vesicant-induced
cytotoxicity.

b. Studies on cross-linking of §uperoxide dismutase as a biomarker of vesicant exposure
Y. Wang; D. E. Heck; D. L. Laskin; J. D. Laskin (2011) Mechanisms of vesicant-induced
cytotoxicity in lung epithelial cells, report presented at the Society of Toxicology Annual
Meeting, Washington, DC.

Inhalation of vesicants such as sulfur mustard can cause significant damage to the respiratory
system including inflammation, upper and lower obstructive disease, and acute respiratory
distress syndrome. A major factor contributing to vesicant-induced lung injury is cytotoxicity
and oxidative stress. In the present studies, we used nitrogen mustard (NM, mechlorethamine), a
bifunctional alkylating agent and model sulfur mustard vesicant, to characterize cytotoxicity and
oxidative stress in A549 cells, a human type II lung epithelial cell line. NM was found to cause a
concentration-dependent inhibition of A549 cell growth (IC50 = 1 pM). Pretreatment of the cells
with 20 uM buthionine [S, R] sulfoximine (BSO) for 6 hr, which depletes glutathione (GSH),
was found to enhance NM-induced growth inhibition (IC50 = 0.2 uM). Cell cycle analysis
revealed that 27.1 £ 0.7 % of A549 cells were in the S phase, 18.0 £1.0 in G2M and 53.4 + 0.5%
in GoG1. Twenty-four hr after treatment of the cells with NM (30 uM, 30 min), we observed a S-
phase block, 64.6 + 1.4% of the cells were in S phase, 25.2 + 1.5% in G2M and 9.3 £ 0.4 in
GoGl1. Depletion of GSH in cells had no effect on NM-induced cell cycle arrest. NM (30-300
uM) also enhanced the generation of intracellular hydrogen peroxide, as determined by flow
cytometry in conjunction with the hydroperoxy-sensitive probe 2’,7’-dichlorofluorescein.
Western blotting showed that while NM had no effect on expression of the antioxidant enzymes

catalase or heme oxygenase-1; it cross-linked superoxide dismutase, forming a modified 32,000
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molecular weight homodimeric protein. Taken together, these data indicate that NM induced
cytotoxicity in lung epithelial cells is associated with oxidative stress and alterations in
antioxidants, processes that can contribute to vesicant-induced tissue injury.
Grant Proposals

NIH grants on the mechanisms by which nitrogen mustard modified antioxidant proteins
are in preparation.
Discussion

Sulfur mustard and related agents cause epithelial disruption and oxidative stress.
Oxidoreductases are important enzymes mediating these processes. We have determined that
thioredoxin reductase and superoxide dismutase are important targets for these compounds.
Mustard alkylation sites were analyzed using techniques in limited protease digestion of the
modified proteins, peptide purification by sodium dodecylsulfate polyacrylamide gel
electrophoresis and sequence analysis by liquid chromatography (LC) tandem mass
spectrometric (MS) analysis. For the ethylthioethyl-alkylated protein products, samples were
first reduced with dithiothreitol, alkylated with iodoacetamide, and subjected to in-gel digestion
with the proteinase Lys-C, prior to LC-MS/MS. Alkylation signatures of mustard derivatives
were compared to determine their unique reactivity features. Based on this work, both
thioredoxin reductase and superoxide dismutase have the potential to serve as biomarkers for
exposure to vesicants.
REFERENCES
Holmgren, A. and J. Lu. 2010. “Thioredoxin and thioredoxin reductase: current research with

special reference to human disease.” Biochem Biophys Res Commun. 396(1):120-124.
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CHAPTER 2

Project 09 02 F: Interpretation of Prospective Exposure Studies Completed in New York

City for Community Catastrophic Planning
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Abstract

This project utilizes the unique data set of actual human exposure and contaminant
concentration measurements under realistic conditions tracer concentration and exposure data
from the NY Urban Disperson Program (UDP) experiments, in order to improve upon our
current understanding of the impact of emergency events on the general public and
corresponding community planning efforts. The experimental data on outdoor, indoor, and
personal exposure concentrations following releases of small amounts of inert tracers are scaled
in order to characterize exposures that people would be experiencing in the event of releases of
chemical, biological, or radiological agents. Novel methods have been developed for (a) scaling
up tracer concentrations to specific CBR release scenarios, (b) specifying plausible population
distributions in a Geographic Information Systems (GIS) setting, (¢) estimating casualties and
stress on health-care resources under different event and potential response scenarios.

Demonstration case studies highlight the major factors that must be accounted for in
emergency response studies, and the overall uncertainty in casualty estimates due to uncertainties
in release location and release timing. The computational modules and algorithms presented here
can provide actionable and accurate information to personnel responding to emergency events in

complex urban settings.
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INTRODUCTION

This project utilizes the experimental data conducted during the NY Urban Disperson Program
(UDP) experiments, which involved releases of small amounts of inert tracers and subsequent
measurements of outdoor, indoor, and personal exposure concentrations. These data represent
actual exposure concentration profiles and provide comprehensive dispersion/exposure
measurements in real-life urban settings. Since these tracers were released from different
locations and times to characterize multiple space and time profiles under the same conditions,
and measured in different “receptor locations” representing exposures to personnel working near
the release location, workers and general public passing through the area, and tourists that
wander in multiple locations.

Background

Atmospheric dispersion of chemicals in urban settings is complicated by multiple factors such as
irregular structures, street canyons, building ventilation characteristics, traffic, etc. In the recent
past, the New York City Urban Dispersion Project (UDP- Lioy et al., 2007; Watson et al., 2006)
was conducted as a collaborative effort involving multiple agencies such as the Department of
Homeland Security, USEPA, NOAA, and DARPA, as well as the City of New York. The UDP
experiments involved releases of very low levels of harmless perfluorocarbon tracers (PFT) that
can be detected at very low levels and are used in leak detections, atmospheric tracking, and and
building ventilation (Watson et al., 2006; NOAA, 2011). These were released in Midtown
Manhattan at separate locations, during two seasons in 2005, and focused on measuring
concentrations following both outdoor and indoor releases of the tracers. Within this project,
prospective exposure tracer experiments were completed at the Madison Square Garden (MSG),

at the Rockefeller Center (RC), and in the New York City subway system; these experiments
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involved realistic scripted activities of individuals for characterizing exposures that people would
be experiencing in the event of releases of chemical, biological, or radiological agents. The
concentration and exposure data obtained during the NY UDP lend themselves to easy scale up
for other types of chemicals, and evaluation of corﬁputer simulation models. In. some exposure
scenarios, the concentrations stayed at higher levels due to “secondary PFT releases” from
buildings that accumulated the contaminants during the period of release or that re-emitted the
PFTs to the outdoor environment after the release stopped. Measurements of neighborhood scale
PFT concentrations (up to distances of several blocks away from the release points) can provide
information needed to establish a baseline for determining how different types of releases could
affect exposures both to the general public and to emergency responders.

It must be noted that the NY UPD data represent a unique set of actual human exposure
measurements under realistic conditions, and are not outputs from a computer model. Therefore,
uncertainties associated with realistically representing emergency response situations (e.g. due to
simplifications in model formulations) are reduced, and the results directly applicable to
community emergency response planning process for NYC, and can be interpreted to help
planners elsewhere.

Objective

The overall objective of the project is to improve the current understanding of the impact of
emergency events on the general public and improve community planning efforts, by utilizing
the realistic human exposure data available from the UDP study to increase awareness at
multiple levels of emergency response on the health impacts of potential releases of highly toxic
chemical, physical or biological agents in urban centers like New York City. This information

can be interpreted in current planning approaches for community response and then be made
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available to planners in the federal government, the military, and the public improve or augment

applicable community procedures for catastrophic events.

Specific Aims

This specific aims of this project were to:

1. Utilize the exposure concentration results from the NY Urban Dispersion Program to:
establish the spatial and temporal patterns of impact from exposure to highly toxic substances
on members of the general public in NYC, including typical activity patterns, and interpret
them in relation to information used currently by the community planners and emergency
responders within urban settings. The results and their visualization will provide realistic
estimates of the contact that would have occurred if the tracers had been actual CBR agents.
These transformed results provide information for assessing potential exposures and risks
within a community from releases of selected highly toxic substances.

2. Employ agent-specific analyses of UDP data to augment and/or provide appropriate
suggestions for adjustments to: existing guidelines on evacuation, shelter in place,
transportation routes, and location of “cold zone” perimeters after hazardous events.

3. Incorporate estimates of the magnitude and severity of casualties obtained for each toxic
agent into a framework for characterizing stresses on health care resources by: realistically
estimating casualties (response personnel and general community) from a catastrophic
release.

4. Interpret the agent-specific analyses for improving strategies for the spatial location of
passive samplers in NYC and other locations that can be easily deployed after an event to
determine the residual contamination from non-volatile agents.

Approach
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This project follows an approach that will allow rapid analysis of casualties and stress on health
care scenarios in a Geographic Information Systems (GIS) framework. Specifically it provides a
procedure for performing GIS-based analysis for a diverse set of agent releases (chemical,
biological, and radiological) and exposure scenarios provided as inputs to the system. It allows
for estimating the overall impacts in terms of both casualties and in terms of stress on health care
resources.

Selection of representative CBR agents:

The following agents were selected after consultations with project collaborators and agencies
related to emergency response to study the following plausible emergency event scenarios: such
as accidents involving transportation of hazardous material, and terrorist events involving a
chemical warfare, biological, or radiological agents (CBR agents). Example CBR agents studied
using this system include: (a) chlorine and phosgene representing industrial chemicals,

(b) anthrax representing a biological warfare agent, (c) sarin representing a chemical warfare
agent, and (d) cesium representing a radiological agent.

The interpretation of exposure data was performed by utilizing the Acute Exposure Guideline
Levels (AGELs) as metrics relevant for exposures of general populations and emergency
responders. In general, measures for response to community catastrophes as well as for disaster
control can be projected more accurately on the basis of the AEGL framework (NRC, 2001).
AEGL values represent toxicologically substantiated ceiling exposure levels for different
relevant exposure periods (10 minutes, 30 minutes, 1 hour, 4 hours, 8 hours), with AEGL-1
denoting the threshold for notable discomfort; AEGL-2 denoting the threshold for serious, long-
lasting effects or an impaired ability to escape; and AEGL-3 denoting the threshold for lethal

effects. In case of agents such as anthrax, the corresponding analyses were made based on lethal
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doses (e.g. LDjp indicating that 10% of exposed population will be infected). These different
metrics are useful in assisting the responders and planners in defining ways to address specific
situations.

Interpreting the UDP data to plausible scenarios within the New York City:

The UDP data were translated to multiple CBR agents and applied to different scenarios within
Midtown Manbhattan. For example, the Madison Square Garden has a capacity of approximately
18,000 to 20,000 depending on the type of event. The Rockefeller Center, correspondingly, has
about 200,000 to 350,000 visitors per day, translating to about 10,000 to 70,000 people in the
area depending on the time of the day. A background population density of 27,500/km2 was also
used to represent residential population in this region. Computer modules have been developed
to represent and analyze, within a GIS system, these population distributions in relation to
potential threat zones after the release of a CBR agent. Sensitivity analyses were performed
considering differential impacts of emergency events based on different potential occupancy
levels, distribution of people around the location based on different time periods in relation to an
event. This approach will be applicable to many other urban areas that share similar geographic
attributes as areas studied in the NY UDP experiment.

Characterizing the zones of population distributions.

In order to assess the impact of releases of CBR agents on the general populations, estimates of
number of people (event attendees and general public in the area) are required in conjunction
with information on the spread of contaminant plumes or threat zones. These zones are
developed based on anticipated population distributions during an event at the MGS or during a
specific time of day at the Rockefeller Center. In the case of the MSG, the zones include an inner

most zone (Zone 1) representing the MSG arena (with a total seating capacity of 18,000 to
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20,000). Zone 2 represents the immediate vicinity (reflecting people walking into or out of the
arena), Zone 3 represents nearby public (e.g. reflecting attendees that are making way to the
event). Zone 4 reflects an expansion of Zone 3 (accounting for attendees walking from bus or
train stations to the arena). Zone 5 reflects the general “background population™ in the city, and
covers the entire study area for impact analysis (a background population density of 27,500/km2
1s assumed).

An emergency planner can specify how the overall attendees are distributed within each zone
and can also specify any changes to the background population distribution due to the
performance event. It must be noted that the extent of the plume spread cannot be extrapolated to
larger areas than the measured distances in the original UDP experiment because the accuracy of
such extrapolations reduces with increasing distances away from translated measurement
locations.

Assessing the spread of contaminants across different threat zones:

The UDP data have been translated to Chlorine, Sarin, Phosgene, Cesium, and Anthrax, and
focus on a “medium” scale warfare agent release or a transportation incident (e.g. 1 ton/hr
release of chlorine from a truck; 100 kg/hr release of Sarin from a small truck; 1 ton/hr release of
phosgene from a small truck; and 100 g/hr release of anthrax spores from a small bag).

The nature of the UDP data allows us to couple information on source characteristics and
exposure measurements along with the chemical and physical characteristics of the tracer and an
agent of concern in such a way as to obtain estimates of ambient concentrations and exposures to
different chemical, radiological and biological agents by applying “realistic release scenarios.”
However, the approach still approximates the properties of the agents using an assumption of an

ideal gas. Specifically, for each agent of concern, the agent is assumed to disperse in a manner
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similar to an ideal gas. The concentration estimates for each hypothetical release scenario are
then based on scaling the source terms used in each UDP experiment, along with the properties
of the agent of concern, and the source strength in the scenario. These scaled concentrations are
then used to develop plume profiles and “threat zones” based on Acute Exposure Guideline
Levels. In order to estimate potential stresses on the health care resources, these plume snapshots
are integrated with spatial distributions of populations.

Specifyving potential exposure scenarios for assessing impacts and casualties:

The approach and modules developed in this project for assessing risks associated with different
hypothetical emergency events are formulated in terms of parameters that are tangible for an
emergency responder or planner. These parameters are intended to accurately characterize
potential population distributions, and are described in the following:

Release Location: The release location can be specified to correspond to one of the multiple
different locations of tracer releases in the UDP experiment. For example, in case of the MSG
experiment, valid options are release points A, B, C, and D, corresponding to the north west,
north east, south east, and south west corners, of the MSG.

Type of Agent Released: This project focused on the following chemical, biological, and
radiological warfare agents for exposure and risk estimation: chlorine, sarin, phosgene, fuel oil,
cesium, and anthrax. The scenarios focused on “medium” scale warfare agent releases and
transportation incidents, as described earlier.

Occupancy Percentage in the Arena: The analysis focused on different levels and types of
population distributions within and around the arena: inside the arena (Zone 1), immediate
vicinity (Zone 2), nearby public (attendees and general public; Zone 3), additional event-related

people (Zone 4), and the general background population in the city (Zone 5). Different
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hypothetical occupancy levels and population distributions were specified by using numbers for
percentages of the event population within each zone. It must be noted that the event related
population is partitioned into Zones 1 through 4, with 100% indicating full attendance.

Based on this approach, the following examples illustrate the types of scenarios that can be
specified:

l. [Zone 1: 20%, Zone 2: 20%, Zone 3: 40%, Zone 4: 20%] indicates that the event is
completely sold out (sum of percentages adding up to 100% of the arena capacity) and with the
distribution of the population mostly in the area around the arena.

2. [Zone 1: 100%, Zone 2: 0%, Zone 3: 0%, Zone 4: 0%] indicates that the event is
completely sold out and all attendees are inside the arena.

) [Zone 1: 40%, Zone 2: 0%, Zone 3: 0%, Zone 4: 0%] indicates that the event is not fully
sold out (only 40% sold) and all attendees are inside the arena.

4, [Zone 1: 0%, Zone 2: 0%, Zone 3: 0%, Zone 4: 0%] indicates that the incident is
specified for a time when there is no ongoing event taking place.

Similar distributions can be specified to address additional scenarios.

Background Population Distribution (relative to residential population distribution): This
specifies the increase or decrease in the population levels nearby (e.g. increaséd number of
people due to commuting during weekdays, decrease in the number of people during weekends,
etc.) The baseline density of the population is set to the average population density in the city
(27,500/km?2). Increases and decreases can be specified by relative percentages, with 100%
corresponding to no change in population density.

Indoor Penetration of Contaminants: This corresponds to the relative levels of an agent indoors

based on estimates of outdoor levels and utilizes a simplified approximation of the factors
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affecting the penetration of outdoor contaminants indoors. Specifically, a linear ratio of outdoor
to indoor levels has been used to estimate potential impacts and risks. These ratios are directly
applied to the estimates of corresponding outdoor risks to estimate indoor risks. For example, if
the level outdoors is at AEGL-3, and the indoor ratio is 0.1, this approach estimates that 10% of
the people indoors will be at risk level corresponding to AEGL-3. This assumption is not always
applicable, but it has been used to account for the heterogeneity within the indoor environment
and to account for the incomplete understanding of complex processes governing indoor and
outdoor levels.

Estimated Risks: These are based on spatial multiplications of the maps of the population
distribution fields with the spatial fields reflecting different risk levels, and the results are
summarized in terms of as numbers of people that suffer (a) serious injury, (b) non-serious
injury, and (c) mild inconvenience. The AEGL levels for individual chemicals have been used to
characterize the threat levels.

Impact on Available Health Care Resources. Information on available hospitals and emergency
care facilities near the vicinity of the arena has been used to estimate the potential impacts on the
health care system. The major attributes considered in this analysis include (a) capacity of the
facility (in terms of available number of beds), (b) distance to the facility, and (c) an analyst-
specified “preference” of the health care facility. Examples of major hospitals near the MSG area
include: (1) Beth Israel Medical Center, with a capacity of approximately 1400 beds, at a
distance of 1.2 miles, (2) Bellevue Hospital Center, with a capacity of about 800 beds, at a
distance of 1.1 miles, (3) NYU Lagone Medical Center (Tisch Hospital) with a capacity of 700

beds, at a distance of 1.2 miles.
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One of the default options in the computational modules is the assignment of individual weights
to each hospital based on the distance (an inverse distance metric using the nearest rounded
mile). The approach also provides an option to input the preference of the operator, based on
expert judgment and an understanding of the areas to be studied.

Scope

The approach of scaling the UDP measurements and the computational modules developed here
are intended to be a resource for emergency planners and responders, with an understanding that
it will supplement their wide range of experience and expertise with actionable information that
is based on new experimental data on contaminant dispersion and exposures to populations in
complex urban areas. The data interpreted in this study are based on tracer experiments that
consider real settings of urban geography, and movement of people in the vicinity of a release,
etc. Thus, the findings of this project are expected to aid the emergency planner and responder.
The computational modules allow an analyst an understanding of and actionable information on
the following:

1. Patterns threat zones in terms of severity of consequences following an emergency
incident: serious injury resulting in illness or death, moderate injury, minor effects, and
safe area. This will also provide information on areas emergency responders should not
enter, where they should use full protective equipment, and where they can enter even in
the absence of complete protective equipment. These will also help in identifying where
temporary treatment facilities should be set up (i.e. outside the lowest threat zone, but

with an adequate margin of safety).
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Changes in the different threat zones changes based on the type of the agent involved in
the incident (i.e., to understand how the zones of impact change based on the toxicity of
the agent).

Casualties expected under different release conditions (timing and amount of releases),
focusing on various degrees of injury for the local population, workers, visitors, and
emergency responders.

Impact on the health care facilities in the vicinity, to understand the type of plans needed
to address the level of expansion required for available facilities or adjunct units (e.g.
mobile hospitals).

Uncertainty in estimates of threat zones and casualties. This allows for providing a degree
of confidence in different estimates, and what type of “margin of safety” should be

employed in preparedness, planning and response actions.

The results provide information useful in achieving the following community catastrophic

emergency preparedness and response goals:

l.

Identifying the types of threat detection systems that need to be in place for different
threat scenarios. This is critical because for many event locations, currently there is a lack
of realistic estimates of potential human exposure and risks to attendees and local
population following a large-scale accident or a terrorist event.

Providing a resource for an in-service training system for emergency responders that
complements existing training material.

Provide a rational scientific basis for incorporating plume modeling and analysis

outcomes into an overall training system/functional field program.
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4. The analysis of different scenarios and reports on case studies are expected to be useful
for soliciting feedback from specific stakeholders by providing information that would be
most valuable for the stakeholders.

Mode of Technology Transfer

Detailed descriptions of the algorithms, computer source code for the algorithms, GIS shape files
consisting of plume snapshots, population distributions, etc., will be provided as part of the final
report.

CONCLUDING CHAPTER

Sﬁmmary

The computational modules and the approach described above have been used for assessing the
risks to attendees and to the general population at the Madison Square Garden, and the general
public and visitors at the Rockefeller Center. Different chemical and biological agents were
simulated and the estimates of casualties and the number of people to be admitted to the hospitals
were computed. Additionally, the uncertainty associated with the estimates of overall casualties
arising from the uncertainty in the release location has also been characterized by comparing the
estimates from different release location assumptions. This highlights the need for accurately
characterizing the local meteorology as well as the uncertainties in the release characteristics
(location and timing). Based on the analysis results, the Project Team has suggested
recommendations on the type of field studies that can be developed to ensure that effective
planning, preparedness, and response strategies can be developed using all the available
information. Additionally, these analyses can be extended for improving the mathematical

models for predicting potential acute human exposures to accidental or deliberate releases of
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harmful gases Hanna & Baja, 2009, and for establishing more effective guidelines for emergency
response entrance and exit strategies and for estimating the location of potential victims.
Conclusions

The analyses and case studies provided here can be considered more as “demonstration case
studies” of a framework that will allow improvement of emergency planning and response. This
approach can be translated to other arenas or urban locations of interest and can be expanded to
other type of industrial chemicals, chemical warfare agents, non-infectious biological agents, and
radiological agents. The example agents selected for this study are representative of the suite of
agents that can be volatilized or released as fine particles into the atmosphere. It does not cover
the longer impact of reactive materials or materials which of very molecular weight that will
deposit and contaminate the ground or other surfaces (e.g. vesicants).

The project demonstrates the critical importance of the following factors in relation to potential
impacts: (a) timing of an emergency incident in relation to the progress of an event, (b) accurate
characterization of the release location (e.g. different corners of an arena), (c) ventilation
conditions in an arena, (d) dynamics of urban dispersion that cannot be adequately captured by
currently used simple dis.persion models such as ALOHA (Areal Locations of Hazardous
Atmospheres; NOAA, 2004), and HPAC (Hazard Prediction and Assessment Capability; DTRA,
2003), and (e) the relative toxicities of individual chemicals (which has substantial impact on the
threat zones).

Recommendations

The following observations and recommendation can be made based on the analyses:

There is substantial sensitivity of casualty estimates to the time of the incident in relation to the

progress of an event at the arena, and location of release. This implies that multiple alternative
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response strategies should be in place to address emergency events during different stages of an
event in an arena. Overall, a complete "“toolbox" of measurement devices, dispersion models,
and visualizations based on data analysis of the type presented will be valuable to emergency
responders. These tool boxes will help an emergency planner/responder make decisions by
taking into account all available data, along with their experience and judgment, in order to

arrive at optimal approaches for responding to an emergency.
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Abstract

Climate-related health emergencies are a considerable burden to public health
infrastructure. The objective of this project is evaluating quantitative strategies for the allocation
of evacuees, resources, and healthcare workers in response to a sustained heat wave in the
Newark, NJ area. Using an interdisciplinary team of researchers in climatology, operations
research and epidemiology, we explored dynamic response plans to address the urgent care needs
of vulnerable populations during heat events, as well as quantifying the timing and nature of
medical complications that stem from extreme temperatures.

The research has yielded promising empirical results, quantifying both the extent and
nature of heat waves and temperature spikes in the Newark area, and the consequences of heat
spikes on gastrointestinal illness in the elderly population of the United States. Additionally,
theoretical modeling studies building off these empirical results have shown that dynamic
routing strategies that direct patients, health-care workers and equipment to available healthcare
facilities and other shelters can have a direct and measurable impact to reduce excess mortality.
Lastly, simulation based studies have shown that simple and practical routing algorithms can be
successful in making progress toward theoretical optimal reduction in adverse health outcomes

from heat-related emergencies.
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INTRODUCTION

Background

Extreme climatic events, including hurricanes, blizzards and heat waves, have substantial
health related consequences, including severe morbidity and mortality. The 1995 heat wave in
Chicago, for example, caused an estimated 696 excess deaths (Whitman et al. 1997). During
these events, with the prospect of failing heating or cooling systems, electrical grid failures etc.,
the elderly or other vulnerable populations may be evacuated to central locations for care. These
types of evacuations — and the underlying increase in healthcare needs — can create sudden
surges in demand for the healthcare system, and increase the complexity of disaster management
operations. These logistical consequences can be mitigated somewhat by careful planning of the
placement of evacuation shelters, emergency personnel and equipment, and evacuee routing
strategy.

Building on previous research conducted as a project of the Climate and Health Research
Initiative, supported by a grant from the Rutgers University Academic Excellence Fund (CHRI
AEF), we explore health-outcome sensitive strategies for evacuation and shelter placement in
cases with both assumed already-existing resources/capacities at hospitals and shelters, and then
expand our findings to consider a dynamic problem where healthcare workers and services may
be deployed in targeted areas to alleviate local shortages in essential personnel.

Our models allow for the handling of random capacity needs and demands, developed in
close collaboration with UMDNJ and RWJ University Hospital, as well as state-level emergency
management agencies. They were created and analyzed by the existing group of interdisciplinary
collaborators, including experts in climatology, spatial modeling, operations research,

epidemiology and industrial engineering. Our results are intended to help provide decision
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makers in emergency response agencies with more robust planning strategies for climate-related
health emergencies, as well as establish a strong foundation for further research proposals.
Objective

This study will develop optimization and simulation models to examine the optimal
location of emergency shelters and allocation of resources into the shelters and area hospitals to
minimize access time and maximize quality of service in responding to needs of individuals.
The proposal will build additions to the models to incorporate the potential for dynamic
healthcare worker allocation. The project will yield active research-ware which will be able to
provide a robust set of shelter locations and evacuation routes for use in emergencies with
specified study areas.
Approach

For information on the research methodology, please refer to the Research Methods
chapter.
Scope

The reader should be aware that the results in this report are based heavily on parameter
values for the Newark, New Jersey area. While the methods themselves are generalizable, other
locations that do not share these parameters will not necessarily have the same findings.
Additionally, as with all models (both optimization and simulation), some simplifying
assumptions have been made, and they may not fully represent real situations. The results are
therefore meant only to explore the relative quality of different types of routing and allocation
decisions, and not to predict the actual numbers of adverse health outcomes expected or
mitigated by intervention during heat events.

Mode of Technology Transfer
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Based on our research, our recommendation is to base actions/planning for the mitigation
of adverse health outcomes from extreme heat events on a combination of theoretical
optimization studies which will determine best placement of temporary health-care facility
locations and resource allocation to those locations, and simulation experiments which will help
determine which instructions/announcements to the public will help achieve best results for

understanding, compliance, and overall health outcomes.
RESEARCH METHODS

Introduction

The design of optimal evacuation strategies for a climate-related emergency can be
approached using a wide variety of methods from different fields. We use four primary
techniques, rooted in Epidemiology, Climatology, Operations Research, and Agent-Based
Simulation. The first two form the bulk of the task of parameterizing the models, providing
empirically grounded data from which to build scenarios. The former uses well-established
techniques to find solutions to challenging logistical problems — in this case, dynamic evacuation
and emergency management routing during a climate-related health emergency. The present
research focuses on a particular scenario, an extreme heat wave in the Newark area.
Climatology

Dr. David A. Robinson, New Jersey State Climatologist and Chair of the Rutgers
University Department of Geography directed the climatology portion of the research. The
primary aim of the climatology portion of the project was to characterize the levels of excessive
heat in Newark, NJ during recent years — 1997 to 2010, in order to provide realistic heat wave

scenarios for the given environment.
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Temperature measurements over a 14-year period were collected at a National Weather
Service Automated Surface Observing Station (NWS ASOS) situated between the outermost
runaway of Newark Liberty Airport and the New Jersey Turnpike (Figure 1). This location is
situated between downtown Newark and Elizabeth, with the surrounding land being either
urban/suburban environments, or Newark Bay. The station itself has an aspirated thermistor to
record temperatures roughly 5 feet above a grassy surface. In addition to direct temperature
measurements, Heat Index (Steadman 1979) was calculated from the observed temperatures and
relative humidity. From this information, the number of days, number of hours, and time of day
where observed temperatures rise above 90° or 100°, as well as the duration and characteristics of
sustained heat waves was determined (see Results).

Epidemiology

Along with the determination of the extent and nature of extreme heat events in the
Newark area, it is necessary to assess the public health impacts of these events. Drs. Elena
Naumova and Ken Chui, at Tufts University, have been working on a time-series analysis of the
relationship between gastrointestinal infections in the U.S. elderly population and extreme heat
events, using 8.6 million hospitalization records from the Centers for Medicare and Medicaid
Services (CMS) databases in 122 cities in the continental United States. This problem is
methodologically challenging, as there is likely' a time-lag between a peak in temperature and a
peak in observed infectious disease cases, as most gastrointestinal infections have a short but
tangible incubation period before symptoms appear and require the patient to seek medical care.

The analysis (based on established techniques; cf. Naumova et al. 2007, Naumova and
MacNeill 2005, and Lofgren et al. 2007), used a Poisson regression model with time-distributed

effects, which proved in simulation studies to ably predict case numbers in outbreaks, and had
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superior performance to similarly construction Gaussian statistical models (see Results). The

regression equation is as follows:

log[E(Y)]= B, + Bt +B,t* + B,t* + B, sin(2 wwt) + B, cos(2 )+ B,(u,) +& (Eq. 1)

Briefly, the log number of expected cases is predicted by an intercept (By), three terms for linear
and higher-order trends over time (8;.3), two terms for seasonal fluctuations in disease incidence
(B4.5) and finally a term for extreme heat events in the time series (B¢), as well as an error term. It
is B3¢ that is of special interest, as it describes the excess mortality due to extreme heat events not
otherwise explainable by long-term trends in disease incidence, or the seasonal disease patterns
many gastrointestinal infections exhibit. The difference in peak timing between gastrointestinal
disease and temperature, as well as the variability in these rates, was assessed. See Results for
examples of this analysis.
Operations Research

Once workable estimates of disease burden and the extent of extreme heat events in the
Newark area was determined, optimization models were used to determine optimal response
strategies to heat-emergency related evacuations, and compared to a model using more
“realistic” solutions one might typically see on the ground (see Agent-Based Simulations section
below), to compare how far from a theoretically optimal solution the more practical, realistic
scenarios deviate. These models relied on parameter estimates from the Epidemiology and
Climatology investigations and also from available published literature (Huang et al. 2010,
Doherty et al. 2009, El-Zein et al. 2004, El-Zein and Twetwel-Salem 2005, and Lin 2009)

Drs. Melike Baykal-Giirsoy and Endre Boros headed the operations research component

of the project. Two models seeking purely optimal results were developed, one for the optimal
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positioning of response centers, staffing and opening them from a list of known possible
locations, such as local high schools or hospitals — as well as the allocation of a finite amount of
resources, such as trained nurses, bottles of water, oxygen, EKG monitors, O2 SAT meters,
defibrillators, IVs bags and stands, and cots. The objective of this model was to limit the number
of people not served by facilities, resources or both, and thus at risk of death or illness due to
non-treatment. These models assumed that individuals began their travels from home (according
to US Census distribution) and experienced adverse heat-related health outcomes based on rates
extracted from the Epidemiological averages analyzed (described below), first in a case of low-
level extreme heat (LLEH), and then for a case of high-level extreme heat (HLEH). Individuals
in each of these scenarios were limited spatially (rather than temporally) in their travel
capabilities, required to seek care within either a 1-mile or 2-mile radius. This model included
explicit facility capacity and resource availability (depleted by providing care in each additional
unit by individual need).

The second optimization model concerned the location of evacuation centers (as above),
but focused on the logistical aspects of evacuation of at-risk individuals from their homes to
those evacuation centers. The scope of that problem is two-fold — both how to assign particular
individuals to a location, and route them efficiently during an emergency. The area under study
for this model is a portion of the Newark area (Figure 2), using Schools, Libraries and Hospitals
(again see Figure 2) as potential evacuation center sites as a proof of concept for a more complex
model spanning a larger area. Based on hospitalization rates for the Newark area provided by Dr.
Naumova, hospitalization rates for three conditions, dehydration, cardiovascular disease and
respiratory disease were modeled as potentially fatal outcomes, and three scenarios were

modeled: the use of hospitals only as evacuation centers, hospitals and other cooling centers
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(such as schools or libraries converted temporarily for that purpose), and hospitals, other cooling
centers and mobile acute care centers, all assuming a 7-day long heat event.
Agent-Based Simulation of Practical Routing Algorithms

Theoretically optimal solutions are only useful if they can be achieved in practice. We
therefore additionally built a series of simulation models, in which individuals would travel
particular routes (from home to a non-home location and back) around the city. The number of
individuals ‘living” on each city block was determined according to US Census data (see Figure
11). Travel along routes was limited by realistic road capacity (based on OpenStreetMap data),
allowing for traffic jams to slow travel depending on demand over time. In cases of extreme heat,
individuals had an independent probability of developing each type of heat-related health
concern (e.g. dehydration, respiratory difficulty, or cardiovascular complications, or some
combination thereof). Each individual then had an independently assigned ‘delay duration’
between onset of heat.-related reaction and recognition that health care was needed. Once
recognition of care was achieved, individuals headed for a health-care provision facility.

Facilities were assumed to provide one of three different levels of care: Level 1 — Public
Schools Converted to Cooling Centers (assumed to have a capacity to care for 60 individuals at a
time, able to care for individuals experiencing dehydration), Level 2 — Public Libraries
Converted to Intermediate-Care Medical Facilities (assumed to have a capacity of 30 individuals
at a time, able to care for individuals experiencing dehydration or respiratory distress), and Level
3 — Hospitals (assumed to have an available capacity to dedicate to heat-related illness of 60
individuals at a time, able to care for individuals experiencing dehydration, respiratory distress,

or cardiovascular distress).

57



Individuals chose which facility to target based on one of three initial experimental
algorithms: Nearest, Nearest Appropriate, and Nearest Exact. In the ‘Nearest’ case, each
individual travels to the facility nearest to their current position, regardless of their need or the
capability of the facility. In the ‘Nearest Appropriate’ case, each individual is able to recognize
their own needs, and travel to the nearest facility that is able to provide treatment according to, or
in excess of, their needs (i.e. even someone experiencing only minor dehydration may travel to a
Hospital). Lastly, in the ‘Nearest Appropriate Exact’ case, each individual correctly identifies
their own healthcare needs and travels to the nearest center able to treat at most their specific
condition (i.e. dehydrated individuals will travel only to schools, individuals in respiratory
distress will travel only to libraries, and individuals in cardiovascular distress will travel only to
hospitals). Each of these scenarios require varying levels of cooperation and accuracy in self-
diagnosis, but were considered as an initial set of cases, even though many more scenarios
(expanding levels of knowledge, communication, and cooperation from the public) are
underway.

Upon arrival at a treatment center, individuals were admitted (regardless of
appropriateness of agreement in need to available care) so long as the facility had not yet reached
capacity. Once admitted, individuals remained in the care of the facility for the remainder of the
simulation. Individuals who arrived at a facility after the facility had reached its capacity were
turned away, unable to receive care from the facility.

These simulations all employed an ‘Extreme-Scenario’ in which individuals who were
unable to receive care at their first-choice facility were not redirected to other shelters, but
instead waited (futilely) by that shelter. Further, heat exposure was assumed to lead uniformly to

death if left untreated, even if the external, climatological level of heat itself fell (i.e. individuals

58



who began to experience any adverse reaction to heat exposure were required to receive care at a
health-care facility wifhin a certain amount of time, or else were assumed to become worse,
eventually leading to death at a rate dependent on the type of adverse reaction experienced). This
Extreme-Scenario therefore implied that individuals whose first-choice shelter was full upon
their arrival were very likely to die. This was done not due to any belief in the realism of the
scenario, but to explore a ‘worst case’ outcome for the routing algorithm.

The input data for these simulations is listed in Table 3. Simulations were iterated under

Monte Carlo Simulation until the variance in the outcomes was seen to converge.
RESULTS

Climatology

The Newark area spends a not inconsiderable amount of time with temperatures above
90°. On average, there are 124 hours spent at or above 90° in a year, with a maximum in the 14-
year period of 319 hours (2010) and a minimum of 30 (2004). 90° or higher are reached on
average 26 days annually, with a maximum of 54 days (2010) and a minimum of 13 days (2004).
Using the Heat Index, a more physiologically grounded measure of how hot a person would
“feel” on those days, these figures rise considerably. 197 hours are spent above 90°, with a
maximum of 406 (2010) and a minimum of 85 (2009), and the heat index reaches or exceeds 90°
30 days annually, with a maximum of 58 days (2010) and a minimum of 16 days (2009). These
temperatures begin rising around noon, and typically peak in the early to late afternoon, with
temperatures not reaching morning levels until late at night. These results are summarized in
Figures 3 - 5.

Sustained temperatures over 100° are somewhat rarer. On average, 1.43 days per year

reach above 100°, with a maximum of 4 (2010) and a minimum of 0 (several years). Measured
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by Heat Index, this number rises to 3.71 days per year, with a maximum of 8 (2002) and a
minimum of 0 (2000) (Figure 6). On average 2.4 hours are spent annually above 100°, with a
maximum of 12 (2010) and a minimum of 0 (several years). There is however, considerable
variability at this temperature level, especially when using the Heat Index (Figure 7).

In addition to the question of how often temperatures reach ‘high temperatures’ is the
nature of heat waves — sustained periods of at least three consecutive days of maximum
temperatures at or above 90°. On average, these periods last for 5 days, with the longest lasting a
full 14 days (July 16 to July 29, 2010). The average hourly duration, from the first hourly reading
over 90° to the last was 93 hours, with the maximum being 317 hours (same interval as above).
Only 26% of hours in these intervals are spent below 80°, with a minimum of only 4% of hours

1™ to August 14™, 2005). On average, four of these events occur per

spent below 80° (August 1
year, with a maximum of 7 (1999, 2010) and a minimum of 0 (2004). Evidently, heat waves and
sustained periods of high temperature are not infrequent occurrences in the Newark area, and,
assuming there are appreciable health impacts from these events (see below), planning for heat
related emergencies is warranted.
Epidemiology

Gastrointestinal related hospitalizations are a significant public health burden in the U.S.
Elderly. During the study period (1991 to 2004), there were 8.6 million hospitalizations with
ICD (International Classification of Disease) codes related to gastrointestinal illness (Table 1).
Both gastrointestinal infections (“GI”, ICD codes 001-009) and non-specific gastrointestinal

symptoms (“GS”, ICD codes 558.9 and 787) peak in the spring months. GI is driven primarily by

ICD code 008 — Other organisms not elsewhere classified. The timing of these illnesses (Figure
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8) is consistent with viral infections, suggesting inadequate testing for them in elderly
populations — unsurprising, as these organisms are often difficult to culture.

Examining the magnitude of the time-distributed regression model’s term for the effect of
extreme heat events (3¢ in the methods section), there is a significant effect of extreme heat
events on the incidence of gastrointestinal illness, with a time-lag corresponding with many
infectious diseases — and there is some evidence of a threshold effect depending on the
temperature cut-point selected for the definition of an extreme heat event (ranging from 90"
percentile of temperature to 96 percentile). This effect is present but less pronounced for non-
specific gastrointestinal illness. There is however variability in both the observed incubation
times and threshold effects. Examples of the analysis of two cities in the analysis, Boston and
Cleveland, are shown in Figure 9.

Operations Research

The resource optimization model was run on an initial allocation-of-resources-to-shelters
scenarios. This allocation scenario, run under both heat scenarios, and with both travel radii
capabilities, converged to a solution in at most 5200 seconds (a little under 1.5 hours), and
terminated entirely in at most 13334 seconds (a little under 4 hours), making them practical for
real-time decision making support, once the initial implementation has been achieved for a given
location/scenario, and the scenario-appropriate input data has been determined. Further, they
exhibited at worst a 0.1% rate in relative error. (For specific results, see Table 7, though these
were run more to investigate utility of these methods for real-time decision support.)

The evacuation routing model was successfully able to reduce the number of casualties
due to the simulated heat emergency, in some scenarios eliminating extra casualties due to the

event entirely (Table 2). Overall, even with sustained temperatures in the vicinity of 100°, the
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combined use of hospitals, civic structures converted to cooling centers and mobile acute care
centers was able to reduce the excess casualties from a heat related emergency by an order of
magnitude over hospital-only strategies, let alone strategies that do not involve evacuating at-risk
populations to stable shelters where they can find supplies and care. An example of block-level
evacuation routing patterns generated by the first model can be seen in Figure 10.
Agent-Based Simulation of Practical Routing Algorithms

These investigations into the impact of having to effectively communicate simple
strategies for evacuee routing to the public (rather than trying to communicate actually optimal
strategies, which may be incredibly intricate), under the Extreme-Scenario showed some very
promising initial results. No differences were seen in the number of individuals experiencing
adverse reactions to heat events among the three initially tested routing algorithms (Figure 12).
The expected number of deaths was artificially high due to the Extreme-Scenario assumption
(Figure 13), however still prévided valuable insight by allowing identification of facilities and
traffic jams most likely to be responsible for increased numbers of fatalities by overcrowding
(Figures 17-19; Tables 4-6). The ‘Nearest Appropriate’ algorithm was seen to result in
substantial overcrowding at higher level facilities by lower-risk individuals, leading to
bottlenecks in service provision (Figure 14). This exemplifies the type of trade-offs that can be
expected between individual- and public-level motivation in health-care-seeking behavior. The
‘Nearest’ algorithm showed a distinct advantage over the other two algorithms when compared
under the metric of ‘Percent of Facilities at or Exceeding Capacity’, however this was likely due
to the Extreme-Scenario assumption of no redirection (Figure 15). Similarly, the results for the

number of locations affected by traffic jams likely reflected only the severity of the Extreme-
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Scenario (Figure 16) and actual insight from this effort will be gained during later investigations

under different scenarios.
CONCLUSIONS AND RECOMMENDATIONS

Summary

Our studies show that shelter location, resource allocation to shelters, and the ability to
rapidly and accurately communicate appropriate evacuation routes to the public will drastically
affect the success of public health preparedness/intervention strategies for heat-events. We
further demonstrate the utility of coupling theoreticél optimization strategies with simulation-
based methods to determine likely outcomes for public health interventions.
Conclusions

We conclude that adopted evacuation routing and resource allocation strategies should
not attempt to attain theoretically optimal outcomes, but should rather choose the closest
practicable approximation.
Recommendations

We recommend that the locations pin-pointed by the evacuation routing model as traffic
jams and surge-overwhelmed facilities receive particular planning and attention (perhaps being
scheduled to receive supplementary resources or personnel) to alleviate congestion and minimize
negative outcomes. We anticipate further recommendations as the work to expand the agent-

based simulations continues (under additional, external funding).
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FIGURES

Figure 1: Location of Newark Liberty International Airport - indicated by Marker A - and surrounding areas (© 2011 Google)
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Figure 2: Area of study for evacuation routing optimization model of the Newark area, with potentlal evacuatlon sites and

local zoning.

67




290°F Days per Year
1997-2010

B Heat Index
B Temperature |

Days

| 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010

Year

Figure 3: Days spent at or above 90° per year from 1997 to 2010. Figure includes both absolute measured temperatures as
reported by the Newark Airport ASOS, as well as calculated heat index.
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Figure 4: Hourly observations at or above 90° per year from 1997 to 2010. Figure includes both absolute measured
temperatures as reported by the Newark Airport ASOS, as well as calculated heat index.
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Figure 5: Average days per year spent at or above 90° per year by hour, from 1997 to 2009. Note 2010 measurements are not
included in this figure. Figure includes both absolute measured temperatures as reported by the Newark Airport ASOS, as
well as calculated heat index.
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Figure 6: Days spent at or above 100° per year from 1997 to 2010. Figure includes both absolute measured temperatures as
reported by the Newark Airport ASOS, as weli as calculated heat index.
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Figure 7: Hourly observations at or above 100° per year from 1997 to 2010. Figure includes both absolute measured
temperatures as reported by the Newark Airport ASOS, as well as calculated heat index.
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Figure 8: Distribution and timing of gastrointestinal hospitalization among U.S. elderly in 122 cities.
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Figure 9: Magnitude of the estimated effect of extreme heat events on gastrointestinal infections (Gl} and unspecified
gastrointestinal disease {GS).
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Figure 10: Example modeled evacuation routing scheme to cooling and treatment centers in the Newark area.
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Figure 11: Map displaying census blocks (with centers noted in red) in Newark, NJ.
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Figure 12: Extreme-Scenario percent of population suffering adverse reactions to heat exposure over

time in Practical Routing Algorithms.

As expected, the rates of increasing adverse reactions over time are virtually the same, owing simply to the assumed
linear increase in exposure and the fact that there is no recovery after the onset of adverse reactions to heat until the
individual receives treatment at a treatment center. They show neither benefit nor cost in percent of population

affected by heat due to choice of practical routing strategy.
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Figure 13: Extreme-Scenario Percent of Population “Dead” over Time in Practical Routing

Algorithms.

The segmented behavior is expected, again due to the fact these simulations required treatment to recover from the
effects of heat. If treatment was not obtained within a fixed amount of time, the individual was assumed to have died.
This extreme scenario was explored to detect differences in efficiency in practical routing options.

The “Nearest” algorithm has a clear advantage over both other algorithms, since in this implementation all
individuals were accepted at all treatment centers, regardless of health concern or type of facility resources available
at the location. Therefore, individuals of all conditions were likely to be within a short distance of a school (the most
dense option) whenever they developed a need for care. In comparison, when the algorithm directed individuals to
only appropriate centers, according to their condition, those with more serious conditions were likely to require
greater travel time to arrive at a center that had the appropriate equipment for their care.

We further expect that expanding the simulations to include “rejection” (i.e. re-direction to the nearest care-
appropriate center) that the number of deaths seen when simulating the “Nearest” algorithm will rise significantly
and should be slightly larger than both other algorithms, due to the additional travel time required to travel to the

“incorrect” first-choice center.
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Figure 14: Extreme-Scenario Percent of Population Receiving Treatinent over Time in Practical

Routing Algorithms.

The “Nearest” algorithm again shows a clear advantage over the other algorithms with respect to the number of
people who are in a treatment center over time. This again results from the significant probability of being in close
proximity to a school at any point in the travel network. The fact that the “Nearest Appropriate” algorithm does
slightly worse (and results in slightly more deaths) is likely due to overcrowding by low-risk individuals at the lower-
capacity Level 2 and Level 3 centers which disallows higher-risk individuals from getting the necessary treatment at

these centers.
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Figure 15: Extreme-Seenario Pereent of All Centers at or Exeeeding Capacity.

The “Nearest” algorithm again shows an advantage over the other algorithms, however, this is likely due to need-
inappropriate care centers absorbing individuals who would otherwise overwhelm lower-capacity need-appropriate
locations. We again anticipate these results changing once the model is expanded to include ‘rejection’, however, the

insight provided by these extreme scenarios is a critical first step.
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Figure 16: Extreme-Scenario Number of Locations Blocked by Traffic Jams over Time in the Practical

Routing Algorithms.

The number of locations backed up by traffic were not seen to be significantly different across routing strategies until
after untreated individuals began dying, alleviating congestion along the roadways. This is a result of both the
extreme assumption of death in the model, and the lack of ‘rejection’ causing redirection to different facilities. We
expect these results to change when both of these assumptions are altered, however, the insight provided by these

extreme scenarios is a critical first step.
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Figure 17: Extreme-Scenario Locations Where the Practical Routing Algorithms Predict Clusters of
Deaths When Routing According to the “Nearest” Algorithm.

In the “Nearest” Algorithm, under the assumptions of the Extreme-Scenario, individuals were not redirected from
their initial target center, even if that center was unable to treat their condition or was already at capacity. Therefore
these individuals died while waiting for treatment. Centers where many of these deaths were predicted are indicated
in Red (bonfires). Other individuals were prevented from reaching shelters in time to receive care by traffic jams

clogging the roadways. These locations are indicated in Blue (snowflakes). (For further detail, see Table 3.)
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Figure 18: Extreme-Scenario Locations Where the Practical Routing Algorithms Predict Clusters of
Deaths When Routing According to the “Nearest Appropriate” Algorithm.

In the “Nearest Appropriate” Algorithm, under the assumptions of the Extreme-Scenario, individuals were not
redirected from their initial target center, even if that center was already at capacity. Therefore these individuals died
while waiting for treatment. Centers where many of these deaths were predicted are indicated in Red (bonfires). In
contrast to the “Nearest” algorithm, no particular locations were found to increase mortality risks due to traffic jams

clogging the roadways. (For further detail, see Table 4.)
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Figure 19: Extreme-Scenario Locations Where the Practical Routing Algorithms Predict Clusters of
Deaths When Routing According to the “Nearest Appropriate Exact” Algorithm.

In the “Nearest Appropriate Exact” algorithm, under the assumptions of the Extreme-Scenario, individuals were not
redirected from their initial target center, even if that center was already at capacity. Therefore these individuals died
while waiting for treatment. Centers where many of these deaths were predicted are indicated in Red (bonfires). In
contrast to the “Nearest” algorithm, no particular locations were found to increase mortality risks due to traffic jams

clogging the roadways. (For further detail, see Table 5.)

82



TABLES

Table 1: Number of hospitalizations attributed to Gl related illness in the U.S. elderly aged 65 or
over between 1997 and 2004.

ICD-9 Code Condition # of
Hositalizations

| Shigellosis
» Amebiasis -
al intestinal diseases
Intestinal i tion due to other
i1 ctions S0

Symptoms involving digestive system

Notes: ICD-9: International Classification of Diseases 9. Totals do not sum to 8,600,000 due to

multiple ICD-9 codes per hospitalization in some records.

Table 2: Number of excess casualties during a simulated heat-related emergency in the Newark
area, under increasing levels of evacuation shelter coverage.

Temperature
| Scenario: 860 | 900 | 950 | 1000
Excess Casualties
Hospitals only 335 (494 | 796 | 1307
Hospitals and Cooling Centers 224 |1 301 | 416 | 555
Hospitals, Cooling Centers, and Mobile Acute Care | O 0 0 55

Notes: 115 Cooling Centers and 8 Mobile Acute Care centers were used.
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Table 3: Input Data for the Practical Routing Algorithms.

Input Data Source

Map Road network and geographic data from OpenStreetMaps, road
capacities set according to categorizations given by same

Population Used U.S. Census data to provide

e number of people per census block center
e geographic locations of census block centers

Available Public
Facilities

Geographic locations given in GIS shape files provided by Center for
Remote Sensing and Spatial Analysis at Rutgers University
(CRSSA)

Building capacities arbitrarily set according to facility “treatment level
type” (see Agent-Based Simulation section above)

Adverse Heat-
Related Health

Linear growth heat exposure arbitrarily parameterized around the
desired running time of the model

Outcome
Routing Choice of (Nearest, Nearest Appropriate, Nearest Appropriate Exact);
Algorithm simple self-explanatory routing methods which may be easily

communicated via public media for self-determination of
need/action by the public
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Table 4: Extreme-Scenario Results from “Nearest” Algorithm in Practical Routing Algorithms.

# Simulations % of Total Deaths Average Max Deaths
Type Center Waiting For Appesred In Simulations over a.II D.eaths Per ' Per.
Appeared In Simulations Simulation Simulation
School Raphael Hernandez 5chool 187 : 93.5 484 2.588235294 6
Library 75 Alexander 5t 142 71 976 6.873239437 18
School Raphael Hernandez School 136 68 1941 14.27205882 a4
school Hawthorne Avenue School 131 65.5 202 1.541984733 a
School - Branch Brook School 95 ST L1067 20.70526316 50
Library I 140 Van Buren 5t 75 375 343 4.573333333 14
Library 5 Washington St 74 37 295 3.986486487 15
School Madison Avenue 5chool 65 32.5 733 11.27692308 59
school Raphael Hernandez School 65 325 82 1.261538462 3
Library SOHayesSt 51 25.5 760 14.90196078 43
School Dr. William H. Horton School 49 245 595 1214285714 38
Library 34 Commerce 5t . a4 22 159 3.613636364 9
None Traffic Jam 23 115 24 1.043478261 2
School McKinley School 22 11 2335 106.1363636 166
School Belmont Runyon 5chool 20 10 21 1.05 2

Table 5: Extreme-Scenario Results from “Nearest Appropriate” Algorithm in Practical Routing

~Algorithms.
# Simulations % of Total Deaths Average Max Deaths
Type Center Waiting For Appeared In Simulations . over ?II D.eaths ?er . Per .
Appeared In Simulations Simulation Simulation
Hospital : U.M.D.N.J. 200 100 43762 218.81 268
Library 50 Hayes St 200 100 29505 147.525 205
Library 739 Bergen St 200 100 27528 137.64 187
Hospital Newark Beth Israel Medical Center 200 160 21164 105.82 145
Library '~ 75 Alexander 5t . 200 100 18386 91.93 127
‘S.chool I Burnet Street School 200 100 15502 77.51 178
Library " 235 Clifton Avenue 200 100 15205 76.025 115
Hospital St. James Hospital 200 100 14596 72.98 99
Library 99 Fifth St 200 100 10049 50.245 83
Library 355 Osborne Terr 200 100 9761 48.805 81
Library 140 Van Buren St 200 100 8136 40.68 66
Hospital Columbus Hbspital 200" 100 7442 37.21 65
Library 5 Washington St 200 100 5141 25.705 50
Libnl'ary 34 Commerce St 200 100 4845 24.225 43
Library 722 Summer Ave 200 100 3542 17.71 36
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Table 6: Extreme-Scenario Results from “Nearest Appropriate Exact” Algorithm in Practical

Routing Algorithms.

# Simulations % of Total Deaths Average Max Deaths
Type Center Waiting For ApGEsrediin Simuiations . over all D.eaths Per Per .
Appeared In Simulatlons Simulation Simuiation
Library 50 Hayes St 200° 100 39046 '195.23 255
Hospital U.M.D.N.J. 200 100 26188 130.94 163
Library 739 Bergen St 200 100 25736 128.68 164
Library 235 Clifton Ave 200 100 20555 102.775 137
Library 355 Osborne Terr 200 100 18540 3 5 118
Library 99 Fifth St 200 100 16765 83.825 136
Library 75 Alexander St 200 100 16116 80.58 107
Library 140 Van Buren St 200 100 12927 64.635 84
Hospltal Newark Beth Israel Medical Center 200 100 9745 48.725 75
Library " 34 Commerce St ' 200 100 8665 43325 62
Library 5 Washington St 200 100 7961 39.805 7
Library 722 Summer Ave 200 100 3700 185 36
" Hospital St. Michael's Medical Center 199 99.5 4867 24.45728643 61
Scﬁool Raphael Hernandez School 177 88.5 365 2.062146893 5
Hospital ' St James Hospital 174 87 1871 10.75287356 32

Table 7: Results from Example Resource-Allocation-to-Shelters Scenarios from the OR
optimization model.

1 mile Travel Radius 2 mile Travel Radius
Total # Total # Deaths Total # Total # Deaths
Adversely Expected Adversely Expected
Effected (Worst Case) Effected (Worst Case)
People People
LLEH 659 30(140) 659 30 (140)
HLEH 659 30(140) 659 6 (66)

REFERENCE DOCUMENTATION:

Figure 1: Copyright owner is Google, Inc. Their permissions page may be found at
http://www.google.com/permissions/geoguidelines.html
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CHAPTER 4

Project 09 05 F: Supply Chain of Critical Medical Resources for Emergency Situations
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Abstract

The research carried out in this project addresses the issue of managing critical medical
supply inventories in hospital under surge scenarios. It is based on an approach that optimizes
inventory control parameters in hospital settings under scenarios such as the pandemic flu with
surging demand for medical supplies. We combined epidemiologic modeling techniques with
simulation and optimization modeling to provide the best strategy for inventory management
under surging demand in pandemic-like scenarios.

The project aims to provide a guideline to implement a formal procedure to effectively
control inventories of critical medical supplies and minimize inventory management costs while
maintaining an acceptable customer service level in pandemic-like scenarios.

Project involves a high-fidelity Disease Progress Module (DPM) Influenza Pandemic like
scenarios using already validated data from the historical epidemiological literature.

For the proposed simulation framework, a Virtual Hospital Module (VHM) was
developed to capture resource consumption in healthcare settings during an Influenza Pandemic.

A Dynamic Programming optimization model was constructed to optimally manage the
inventory of critical medical supplies (that is the decisions regarding when to order and how
much to order) in hospital settings. A number of numerical scenarios were analyzed and results

were obtained.
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INTRODUCTION

Background

In the decade before the 2009-10 influenza pandemic caused by the novel HIN1 virus
(pHIN1), the spread of the much more lethal HSN1 “avian” influenza in Asia and parts of Africa
raised concerns about the potentially devastating impact of a severe global influenza outbreak
(Salomon and Webster 2009) and (Chan 2009). In response, most developed countries and many
private corporations made considerable investments over the last decade in the purchase of
antiviral medications (AVMs) to treat those infected with influenza during a pandemic. To date,
most of the literature has addressed either pandemic mitigation or preservation of healthcare
workforce capacity during the peak of an outbreak. However, to the best of our knowledge, there
is no evidence-based research available in the medical literature that can guide healthcare
facilities to establish sufficient medical supply in order to maintain adequate surge capacity for
flu patients. In the inventory management and supply chain literature, most existing models
make the assumption of independence and time-homogeneity of the demand for medical supply.
However, during a pandemic, demand is uncertain and definitely non-stationary due to surge
dynamics. It grows exponentially in the early part of the pandemic and will decline when there
are less people that can be infected by the disease (herd immunity). The non-stationary demand
pattern raises a unique problem for inventory management since it becomes difficult to decide on
when to order and how much to order of each of the critical medical supplies. This is also a
significant research issue in the inventory management literature. Non-stationarity of the
demand gives rise to complexities that make the problem mathematically and practically

intractable.
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The research carried out in this project addresses the issue of inventory management that
basically deals with how much of each unit to maintain on hand using and approach that
optimizes inventory control system parameters in hospital settings under scenarios such as the
pandemic flu with surging demand for medical supplies. This is a critical issue since too much
of medical supply inventory can cost a lot while short inventories will not satisfy the demand.
Finding the right amount of stock is always a challenge in inventory management due to
uncertainties involved in demand.

The contribution of this research is in providing the proof of concept to hospital
management that tools such as the one developed in this research will be instrumental in
managing inventories once deployed in full scale.

Objective

The project aims to provide the proof of concept for developing an approach to handle
inventory management under surge scenarios in hospitals. The objective is to help hospitals in
making decisions regarding maintaining stocks of medical supplies. This is achieved by
developing a formal procedure to help effectively control inventories of critical medical supplies
and minimize inventory management costs while maintaining an acceptable customer service
level in pandemic-like scenarios.

Approach

In essence, using a system of ordinary differential equations, a compartmental SEIR
model (May and Anderson 1991) is developed describing the transmission dynamics of a
pandemic in a large population. Then, the SEIR model is incorporated into a virtual hospital
simulator using ARENA simulation tool to identify daily random demand over the course of the

pandemic. Finally a dynamic programming algorithm is used to optimize the target inventory
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levels as well as reorder points for the duration of the pandemic period. Clearly, the values of
these parameters vary over time due varying demand over the pandemic duration.
Scope

The project team received guidance from the Robert Wood Johnson University Hospital
on what these critical medical supplies may be as well as what kind of an inventory management
approach they may be using. Without lack of generality, the current approach employed in the
project includes three types of medical supplies and it can be easily extended to any number
supplies critical for the scenario at hand.
Mode of Technology Transfer

The methodology developed in the project is ready to be incorporated in a software tool
for a large-scale implementation for operational purposes. The tool would have a proper user
interface for parameter value entry for each of the supply items the hospital management wants
to include. Thus, the technology transfer can be achieved through software development for

decision making in inventory management in hospital setting.
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APPROACH

In this research, epidemiological modeling techniques are combined with simulation and
optimization methodologies to provide the best strategy for managing inventories of critical
medical supplies in hospitals under surging demand scenarios in pandemic situations. On the
epidemiological front, we have used a SEIR compartmental model to generate a hypothetical
pandemic. This model produces a non-stationary patient flow into a virtual hospital where they
get appropriate treatment. During the period of the pandemic, a single-item inventory model,
assuming a non stationary demand process and a deterministic replenishment lead-time, is
implemented at the virtual hospital and used determine the safety stock requirements for the
item. This procedure is repeated for all three items considered on the study.

Below, each of the three components of the approach is described in detail.

Epidemiological Model

Mathematical models of the transmission of infectious agents are used to understand the
behaviors of an emerging pandemic influenza and to evaluate the effectiveness of various
intervention strategies. Using a system of ordinary differential equations (ODEs), we developed
a compartmental model describing the transmission dynamics of a pandemic in a large
population. A deterministic modeling framework was appropriate since our intention was to
capture disease-spread dynamics in a population in which a pandemic has already been initiated;
that is, we are not primarily concerned here with the effect of random perturbation of epidemic
ignition or c.luenching.

Individuals in a population are divided into standard modeling compartments such as
susceptible (S), exposed (E), infectious (I), recovered (R), and disease-induced dead (D). As

shown in Figure 1, susceptible individuals may become infected, incubate the infection, progress
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to become fully contagious, and finally either recover and develop immunity from the disease or
die.

The arrows that connect the boxed subgroups represent movement of individuals.
Susceptible (S) will first become exposed (E). Exposed (E) will become infectious (I) after an

incubation period. Infectious (I) can either recover (R) after a recovery period or die (D).

Following the schematic representation in Figure 1, the disease spread and control
dynamics can be described by the following differential equations for a population of size N

(May and Anderson 1991).

S=-pISIN

E=pIS/N-«kE,

I=xkE—-(y+6)1, 1)
R=yl,

D=61

Baseline values of the epidemiological model parameters used in the above model are
summarized in Table 1. Values of these parameters are based on published epidemiological,
clinical, and experimental data. The basic reproduction number R;, defined as the average
number of secondary cases generated from an average primary case in an entirely susceptible
population, is used to quantify the transmissibility of an infectious disease (Keeling and Rohani
2008). We first calibrated the model for a range of R, values in order to reproduce typical
patterns of a pandemic influenza assuming a baseline of no interventions. The type of SEIR
model we have used, with simplified structures and assumptions, normally leads to an extremely

high attack rate with even moderate R, values (McCaw and McVernon 2007). To simulate a
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realistic epidemic outbreak, we have assume that R, equals to 1.8, and 80% of the population in

our baseline case are susceptible at the start of the pandemic (Mills, Robins et al. 2004). This
assumption was motivated by the “herald wave” phenomenon observed in the 1918 pandemic
where those who recovered from influenza infection in the spring were protected from the
disease in the autumn pandemic because they acquired partial immunity from re-infection with
similar strains of the virus (Ferguson, Mallett et al. 2003).

Estimates of the duration of the asymptomatic phase of both seasonal and HINI1
pandemic influenza range from 1 to 2 days; we have further defined the symptomatic and
infectious phase to last 4 days (Longini, Halloran et al. 2004; Ferguson, Cummings et al. 2005;
McCaw and McVernon 2007). (Khazem, Bravata et al. 2009). The base case with no
intervention (neither prophylaxis nor vaccination) produces a unimodal epidemic with a
cumulative attack rate (CAR) of 35.9% lasting approximately 17 weeks from index cases to first
day with <0.1% increase in CAR. This result is consistent with published pandemic
preparedness assumptions from the U.S. Centers for Disease Control and Prevention (CDC
2008).

We implemented the SEIR model for demand generation for medical supplies in our
virtual hospital simulator using the Arena simulation tool'. ARENA uses the fourth-order Runge-
Kutta method to solve the model numerically. The model predicts the number of infected
individuals throughout the pandemic and determines the potential impact and effectiveness of
intervention strategies and time-course of the epidemic in a region of one million people.

Limitations:

" ARENA is a trademark of Rockwell Software.
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We conducted a modeling study based on a number of assumptions regarding the disease
characteristics. Although these parameters are based on reported data in the literature, preparing
for influenza pandemic requires considering enormous uncertainty, such as the initiation of a
pandemic, the speed of spread, its level of virulence, and the extent of its resistance. In the
course of the pandemic, rapid decisions are required to be made in response to the pandemic as
more information about the epidemiologic profile becomes available. We have ignored this
process in our modeling effort due to its massive complexity.

Also, we did not consider the role of spatial and population heterogeneity in the spread of
influenza pandemic. Our deterministic modeling approach assumes homogenous population mix
where all individuals have the same contact and infection rates. A more realistic model should
include age, social contact, and spatial structure of the population under consideration. In
particular, the contact network structure is critical in determining the spread of the pandemic in
the initial stage of the outbreak. Once an epidemic has begun, a deterministic model would
probably provide a reasonable description of the disease dynamics.

Although these limitations may suggest the need for a more involved modeling effort,
they are certainly outside of the context of this project. Our work highlights the importance of
operational considerations in pandemic preparedness planning. We have emphasized the use of a
modeling tool to assist policy makers in testing and providing insights on the effectiveness of
their decisions regarding inventory management of medical supplies taking into account the
uncertainties in a potential pandemic.

The Virtual Hospital Module
The virtual hospital module simulates the arrival and treatment of infected patients at

their local healthcare facility during an influenza pandemic. The top level model comprises of
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two sub models: the first model calculates the ratio of patients that are susceptible, exposed,
infected, and recovered or dead in a given population size at any given point in time. The
number of patients in any of the above compartments is controlled by the disease progression
parameters defined in the epidemiology model or the Disease Progression Module (DPM). The
second model handles the daily consumption of medical supplies required for administering the
treatment of the general population during the influenza pandemic. Obviously, this is dependent
on the number of patients seeking treatment and their expected length of stay based on their
condition at the time of admittance.

From the differential equations set (1), we have the number of people infected /'(r) by
the flu at any given time ¢ given by

I'() =k E(1). ()

And therefore the number of new people P(¢)that are added to the infectious compartment in a

day is shown below
I'o-1re¢-n=r@). (3)

Each person seeking treatment can be categorized as type severe or moderate and their number at

any point in time 7 are P (f)or moderate P, () and are given by
R ()= P(t)-rn

£, ()=P@)-r-(1-n) “)
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where r is the percentage of the population that seeks treatment, i.e. patients, and # is the

percentage of patients that are categorized as type severe.

Finally, the probability of a patient in severe condition dying, thatis P, , is shown below

P =20 g r (- 5)
N
where
D(t) = the number of patients deceased at any given point in time ¢
a = the attack rate
¢ = the percentage of moderate patients whose condition is expected to worsen and are therefore
categorized as severe patients and moved to the ICU from the hospital floor.

The Simulation Model

Equations (2) - (5) are incorporated into the Arena model to create the pandemic dynamic
and consequently the Arena model simulates the arrival and treatment of patients at the hospital.
Each entity in the simulation model represents a patient. The number of people arriving at the
hospital in any given day is determined by the epidemiological model. To model randomness in
the arrivals, a normal distribution with parameters (0, dv) is introduced where dv is the daily
variation. The variation factor is currently set at 20% of the number of people that are infected
by the influenza pandemic in any given day. We will be assuming only 10% of the affected
population seeking treatment at the hospital (Hupert 2010). This subset of the population is now
classified as patients for modeling purposes. We will also assume that 15% of the patients are
categorized as type severe and the rest as moderate (Hupert 2010). Patients whose condition is
severe seek treatment in the ICU, moderate condition patients on the other hand are routed to the

floor for treatment. Severe condition patients after completing their length of stay in the ICU are
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moved to the floor. All discharges from the hospital always take place from the floor. The
treatment dynamics are pictorially represented in Figure 2 (AHRQ 2011).

Since the probability of a patient dying is already known, the model pre-designates
patients that are going to be deceased as they arrive at the hospital. Only patients whose
condition is severe die, furthermore their day of death coincides with their last day in the ICU.
These assumptions have been made to reduce the complexity of the model. Patients whose
condition is moderate are routed directly to the floor for treatment. We have assumed that the
condition of 5% of the incoming moderate patients will deteriorate and they will have to be
routed to the ICU for treatment. These patients will be reclassified as type severe and they may
potentially die. Once their condition improves in the ICU, they will be moved back to the floor
and then eventually discharged. The duration of their stay in the ICU and floor can vary by
patient and is generated using a triangular distribution with parameters shown in Figure 3. A
detailed patient process flow is shown in Figure 4.

Each entity representing a patient is routed appropriately to the ICU or the floor in the
workflow of the model. Each entity is delayed in-the model for its designated length of stay.
The rules regarding the movement of patients from the ICU to the floor or vice versa described
earlier are all enforced in the model. This obviously impacts the total number of patients in the
ICU and the floor on a daily basis. The model keeps tracks of the total quantity of products
consumed by all ICU and floor patients on a daily basis. In this study three products are
considered. The quantity consumed per patient per day shown in Figure S and is dependent on
the condition of the patient, i.e. severe or moderate.

The Model’s Output

104



The length of each replication is determined by the arrival of new patients at the hospital.
A simulation run terminates when new patients stop arriving and all existing patients are
discharged. In this study we run the model for 100 replications, the total consumption per
product per day is recorded into a Microsoft Excel spreadsheet. After completion of the final
replication, the mean and standard deviation of product daily consumption figures are obtained
and recorded in the same Excel file. For instance, Figure 6 shows the demand profile for one of
the products. From the demand profile we can see that the period of greatest activity during the
influenza pandemic is from days 16 to 76, or 60 days. The demand peaks somewhere around the
mid to early 40th day mark. This 60-day period is when the greatest strain on the healthcare
system is experienced.

Due to the inherent difficulty in forecasting the demand during an influenza pandemic,
hospitals will either tend to overstock or fall short on medical supplies. Both these outcomes can
have drastic consequences. Overstocking will lead to higher inventory management costs and
potential wastage due to disposal of unused limited shelf life medical products, leading to
increased operating costs for the hospital.  On the other hand, maintaining an inadequate
stockpile of critical products will impair its ability to treat patients, affect its customer service
level and potentially damage its reputation in the long term. Below, in the third part of this
study, we present an optimization model, incorporated into the virtual hospital model, to
determine the best possible target inventory levels based on inventory costs of the products
introduced earlier. Again, this is to provide a guideline to implement an inventory control policy
that minimizes inventory management costs while maintaining an acceptable customer service

level during such a surge period.

Optimizing Inventory Management in the Virtual Hospital
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In this section, an optimization model and in particular a dynamic programming model is
introduced to obtain the optimum target inventories of the three products mentioned earlier in the
virtual hospital model. The optimization will be cost minimization based on inventory holding
cost, shortage cost and the cost of changing the target inventory level. The model is to be
incorporated into the simulation model to manage the inventories of the virtual hospital
introduced earlier.

The inventory management concept used here is presented in Figure 7. We have
employed a periodic review model where the inventory of each product is monitored daily and a
replenishment order is placed every time the inventory is observed below its target level. The
order is place at 13:00 in the afternoon and is assumed to arrive by the end of the day,
presumably before the beginning of the next day. Below, we present the optimization model.

We will concentrate on a single product for analysis purposes. It is typical in the health
care industry that the lead time for an order arrival is roughly a day. Thus, we assume that the

lead time for an order, denoted by L, is at most a day, D, is demand for the product on day ¢, O,

is the amount ordered on day ¢, and x, is the inventory on hand of the product at the beginning of

day ¢.

Note that the beginning inventory level on day #+/ can be expressed as

Xrpp = (xl - DI)+ i QI (6)
where the order quantity is O, =x —x,, and X is the target inventory level for the medical

supply in consideration.
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On the other hand, by midday on day ¢+, we also have

X =, =(D,+ D, ) +Q, (7N

where Q, =X —x,,, and the midday on hand inventory is x,, =(x,, - D,,)".

Assuming that the demand in the first half of the day will always be less than the day’s starting

inventory, i.e. x,, > D,,, we have

ao x-D,, x,>D,
“M X -x,,, otherwise|

(Arrow, Karlin et. al 1958) shows that if current stock size x is a random variable with density
f(x), distribution associated with the random variable measuring stock available at the next

period,

Based on this construction, they have developed the following stationary distribution of the

beginning inventory level

O(y)[1-D(x - )]
F(y)= 8
) 1—[1—CD(y)][l—CD()?—y)] ®)

where y the random variable representing the beginning inventory level and ®(y) is the integral

of daily demand density function.

The probability that demand exceeds supply on a given day is given by
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Prie> )= [[F0@dédy = [ o@)[F©)dé+ [ p(&)de. ©

&>y

Accordingly, the expected quantity of unsatisfied demand is given by

Epenalty) = [[(¢ =)/ (ne(§)dédy
&>y . (10)

= [0@©ae [ -nfodv+ [ o@de [ (&= )/ (dy

Also, the amount on hand at the end of a day is given by

E(handling)= [ [ (v-&)0(&)f (y)dédy. (1)

Now we have the expected on-hand inventory level and the expected shortage level, we are ready
to evaluate the cost minimizing objective function for feasible levels of target inventory of the
product. The following algorithm will be used to generate the optimal target inventory level of
the medical supply we have under consideration.

The Algorithm for the Optimal Target Levels

Step1:  Compute x; for every day ¢ minimizing the expected total cost per day, that is

E[Quantity short]- p+ E[On hand stock]- 4.

Step2:  Use dynamic programming to determine when the target inventory level must be
changed.

The dynamic programming formulation is done in such a way that the inventory level is the state,

and the days are the stages in the model. So, the possible states (target inventory values) are

X, %, ", %, . Also, let us define 7C, (I_,)to be the total cost up to day ¢, where the current
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inventory level is I, =X, X,,-+-,X;. Then, the following dynamic programming recursion can be

established.
TC (1) = min, {P(X,)+TC,,,(1,.))}
where
R(@)=, = D) *het (By=1I ) ®=prCC(X)
and where
Mx =1
ccE@y=4 N7
0, otherwise

Thus, 1, = X,,X,,+*, X, gives us the optimal target inventory values for the medical supply under

consideration for days 1 through T of the surge period. This algorithm can easily be
programmed in an operational environment and implemented for each product on a daily basis.
Below we provide a 3-product case scenario.
User Interface

We have built in the epidemiological model, the virtual hospital and the optimization
model into the simulation. It has a user interface to provide starting information for the model.
Screenshots from the user interface are shown in Figure 8 — 10. Disease Model dialog box
receives values for the parameters for the epidemiological model. Hospital Model dialog box
receives values for the parameters for virtual hospital. Cost Model dialog box receives values for

the parameters for the optimization model. Below we present cases studies.

Case Studies
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In this section, we present three case studies of the virtual hospital with 3 products and varying
inventory costs. In all of these cases, we assume the following epidemiological parameter
settings:

Incubation Period: 1.9 days
Infectious Period: 4.1 days

Parameter 3: 0.00063
N: 100,000
Case 1:

Unit inventory holing cost:  $8/day
Unit shortage cost: $16/short
Cost of changing target level: $1,000

The daily demand, and the optimized target inventory levels for products 1 to 3 and the total cost
per day are shown in Figure 11 — 13. In this case, we have kept the values of th ecost parameters
at relatively low levels. This encoures frequent changes in target levels to adapt the chaing

environment due to surge.
Case 2:
Unit inventory holing cost: ~ $8/day

Unit shortage cost: $16/short
Cost of changing target level: $6,000/change

In this case, the cost of changing target inventory levels is increased by six fold. The daily
demand, and the optimized target inventory levels for products 1 to 3 and the total cost per day
are shown in Figure 14 — 16. Observe the impact of large target changing costs in the form of
much lesser changes of target values. Compare the blue lines in Figures 14 — 16 to Figures 11 —
13. Unit shortage cost is relatively higher than the unit holding cost and therefore the
optimization model tries to keep the target levels close to the demand and yet changes them

much less infrequently as compared to Case 1.
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Case 3:

In this case, we will look into the impact of high unit holding costs. The cost parameters are
given below:

Unit inventory holing cost:  $16/day

Unit shortage cost: $8/short
Cost of changing target level: $6,000/change

Observe the impact of large unti holding cost which discourage holding high inventories and

push the target levels to low values as observed in Figure 17, shown only for product 1.
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CONCLUSIONS AND RECOMMENDATIONS

The research in this project addressed the issue of managing inventories of medical
supplies and especially the critical ones in hospitals under surge (pandemic) scenarios. Inventory
management basically deals with how much of each unit to maintain on hand by deciding on
when to order and how many to order for each item under consideration. This is a critical issue
since too much of medical supply inventory can cost a lot while short inventories will not satisfy
the demand. Finding the right amount of stock is always a challenge in inventory management
due to uncertainties involved in demand. We have developed a sound and practical approach
that combines epidemiologic modeling techniques with simulation and optimization modeling to
provide the best strategy for managing inventories. It involves a high-fidelity Disease Progress
Module Influenza Pandemic like scenarios using already validated data from the historical
epidemiological literature. For the proposed simulation framework, a Virtual Hospital Module
was developed to capture resource consumption in healthcare settings during an Influenza
Pandemic. A Dynamic Programming optimization model was constructed to optimally manage
the inventory of critical medical supplies (that is the decisions regarding when to order and how
much to order) in hospital settings. A number of numerical scenarios were analyzed and results
were obtained. The approach is quite practical and readily implementable in hospital settings.
Recommendations

As mentioned earlier, the project aims to provide guidelines to implement a formal
procedure to help decision makers managing inventories in the health care industry. Due to that
fact that shortcomings in medical supplies may end up in dire consequences, inventories are
typically held at higher levels as compared to other industries. Clearly, this has consequences

that appear as significant contributions to health care costs. A serious effort to reduce health care
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related costs is to implement effective inventory management policies so that supply stocks are
kept at reasonable levels during times when there is no mass demand. During emergency
scenarios such as pandemic situations the system should be effective enough to respond quickly
to build right amount of inventories.

Qur recommendation to health care system managers is to focus on effective supply

management systems that are intelligent enough to respond high-consequence situations by rapid

inventory build ups and vet maintain lower vet sufficient levels of inventories at other times.

This will have reducing effects on health care costs in the U.S.
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Figure 1. Schematic relationship between the five subgroups in the model
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Figure 2. Treatment dynamics at the hospital
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Figure 3. Length of stay in the virtual hospital
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Figure 5. Daily product consumption by patients (The products considered are typical medical and pharmaceutical
supplies for flu patients.)
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Figure 7. Inventory control model used in the hospital model

118



Figure 8. Disease Model dialog box of the user interface
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Figure 9. Hospital Model dialog box of the user interface
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Figure 10. Cost Model dialog box of the user interface
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Figure 11. Daily demand, total cost per day and the optimized target inventory levels for products 1 in Case 1.
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Figure 13. Daily demand, total cost per day and the optimized target inventory levels for products 3 in Case 1.

121




1800
1600
1400
1200

> 1000

Y goo

600
400
200

0

Demand & Target Inv Tamiflu

300000
11~\‘\ _~T 250000
i h /// 200000
/ \L,L - 150000
/r//\\ 100000
A N\ - 50000

e RRRESRERESHE T

9= 8

Total Cost

e====Target Inv Tamiflu
e===Demand Tamiflu

w=eeeTotal Cost Tamiflu

Figure 14. Daily demand, total cost per day and the optimized target inventory levels for products | in Case 2.
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Figure 15. Daily demand, total cost per day and the optimized target inventory levels for products 2 in Case 2.
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Figure 16. Daily demand, total cost per day and the optimized target inventory levels for products 3 in Case 2.
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Figure 17. Daily demand, total cost per day and the optimized target inventory levels for products 1 in Case 3.
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TABLES

Table 1. Epidemiological model parameters

Parameters Description Value
yij Transmission rate 0.39
1/x Latent period 4.1 days
1y Recovery period 1.9 days
CFR Case fatality ratio 0.02%
) Mortality rate 0.0005
S(0) Population size 100,000
I(0)/N Initially infected fraction of the population 0.002
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CHAPTER §

Project 09 06 F: Patient Flow Optimization under Regular and Emergency Hospital

Operations
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Abstract

The main objective of this project was to evaluate techniques to optimize patient flow
during regular and emergency hospital operations. To achieve this objective, a two-step
methodology was devised: (i) A statistical analysis technique was developed to identify
significant sources of variability in patient flow, (ii) In order to support patient flow optimization
and control, we hypothesized that real time patient and resource tracking will be required. To
that end, a simulation of a typical emergency department at a hospital was built. Our overall
conclusion is that real time information on patient tracking and resource availability can
significantly improve patient flow throughout hospitals. The improvements are expected to be
more significant under surge conditions when traditional tracking and offline techniques are no
longer effective.

However, real time information by itself cannot mitigate the patient flow and safety
issues unless causes of process variations are identified and corrected. RTLS can only be
effective if used in conjunction with a solution platform that controls and optimizes patient flow.
This concept has already proven to be doable and effective in other industries, such as
manufacturing. To cut costs and improve patient safety, it is time to build these solutions for

healthcare delivery systems.
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INTRODUCTION

Background

Patients’ experiences during their hospital visits often involve redundant steps and
procedures leading to unnecessary excessive time, lower quality of service, medical error, higher
cost for patients and hospitals and patient dissatisfaction. The excessive costs are often covered
by the hospitals or paid by individual patients since insurance companies and government run
Medicare or Medicaid have standard payment plans according to pre-defined diagnosis and
treatment procedures. Regardless of who pays for these excessive and unnecessary expenses, the
adverse societal impacts and negative consequences are immense.

The common practice in many hospitals is to use patient flow data to calculate statistics
on key performance indicators (KPIs) and for patient billing purposes. KPIs are used for
reporting and sometimes as aggregate instruments for process improvements. Closed loop
control and monitoring of patient flow patterns using situational awareness capabilities — e.g.
RFID - and feedback loops has not been a common practice in hospitals. But some elements of
this practice has already been proven to be very useful in the Internet online businesses which
utilize their customer shopping habits and patterns to extend their market share and for the
betterment of their services and offerings. While the situational awareness and feedback control
models are more complex for hospitals due to extensive sources of variability and risks involved,
the potential reduction in costs and increase in QoS and patient safety and satisfaction will be too
rewarding to ignore. All these tools become handier especially when the regular normal
operation of hospital is affected by an external incident varying from highway crashes to earth-

quakes and terrorist attacks. It’s in such situations that having a managed patient flow and
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situational awareness systems — e.g. RFID — can be of great help to the hospital to increase

patient care and lower the number of fatalities.

Objective

This research intends to address the following specific issues:

1. To better understand sources of variability that impact patient flow within hospitals
under normal and surge conditions;
2. To quantify the impact of real time information on streamlining patient flow, and
quantify the value that Real Time Location Services (RTLS) technology can bring to
hospitals.
Approach

Two methodologies used in this research: (i) a statistical data analysis model and (i1) a
simulation based approach. These two methodologies are thoroughly explained in the technical
chapter of this current report.
Scope

The scope of the research and methodologies introduced here include patient flow
analysis throughout hospitals under normal and surge conditions. The underlying analysis
requires highly granular patient flow data, typically available in Hospital Information System
(HIS).
Mode of Technology Transfer

The results and outcomes of this research are only preliminary and cannot directly
support commercialization. Further development will be required; especially additional analysis

of real hospital data must be conducted.
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TECHNICAL REPORT

Problem Definition

There are sources of variability that are intrinsic to all health care delivery systems. These
can hardly be avoided, but having efficient management schemes in place can lead to
advantageous outcomes both for patients and hospitals. These sources are: (i) variability due to
patient individual characteristics — this is fully uncontrollable and can frequently cause major
spikes in demand for resources; (ii) variability due to type and severity of disease or medical
services that must be provided to patients; and (iii) variability in capabilities and the level of
professional knowledge that medical staff possess and use under normal, surge and exceptional
conditions. These sources of variability could severely impact patient safety, QoS, professional
satisfaction, and hospital revenue. In this project, we attempt to introduce a data-driven statistical
method to better understand these sources of variations. We will be using standard patient data
which is available at typical HIS.

Additionally, patient safety, quality of care, and hospital revenue are greatly impacted by
the way information and patients flows are synchronized and move across hospitals. Better
synchronization of patient and information flows can significantly reduce the impact of the
above sources of variability. In this project we will address the added value of using RTLS for
this purpose. Many hospitals struggle with this issue in a way that they are not sure if access to
real time information will streamline their existing processes and will eliminate problems
relating to patient flow. As part of this research we attempt to model the use of Radio Frequency
Identification (RFID) by a computer simulation and measure the performance measures for after

and before environment.
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Approach
Statistical Analysis of Patient Flow data

Our analysis is composed of the following steps:

e Clustering of patient flow data into homogeneous groups
e Development of fish bone diagrams to identify variables that contribute to variations
within a cluster and between clusters
¢ Statistical feature selection leading to the identification of significant variables from the
list of variables identified by the fish bone diagram.
With clusters and significant variables or factors identified, the hospital management should be
able to optimize patient flow under normal and surge conditions. This is carried out by
associating each new patient with an appropriate cluster, and by managing significant and
controllable variables associated with that cluster. While the control and optimization steps are
not investigated and modeled here, we believe that this methodology has major commercial
potentials and can greatly and positively impact hospital performance under normal and surge
conditions.

Next we present some details of our technical approach.

In a hospital information system, patients are assigned Diagnosis Related Group (DRG)
codes which loosely speaking, show the type of the disease and identify the steps that these
patients must follow while they receive care from the hospital. It is likely for a patient to change
from one DRG to another depending on the outcome of tests and initial diagnosis. It is also
possible for patient to belong to several DRGs. While each DRG groups patients according to
their diagnosis and defines the basis for billing, there may be some significant differences in the

care patterns of patients randomly sampled from the same DRG. In our analysis , sources of
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variations are categorized into three classes: : (Type I) unique characteristics of each patient
(patient profile), including age, demographics, and other health conditions, (Type II) hospital
resources, including medical staff and major equipments, (Type IIT) random noise. There are
always un-assignable causes, which are usually grouped under random noise. Since random
noise is statistically un-controllable, it is imperative to reduce its effect as much as possible. Any
significant reduction on the un-controllable variations will increase “process capability” which
will in turn lead to significant cost reductions.

The statistical method used in this research is a data driven method meaning that it will
use the data extracted from the various data sources in a typical HIS. No private or confidential
data is needed for our analysis<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>