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1. Introduction:

A Mass-Casualty Event (MCE) is an event in which the number of casualties exceeds the
capacity for taking care of them. Such events, unfortunately, happen all the time. They may
have either a world-wide effect (e.g., the 2004 Indian Ocean tsunami that killed over
200,000 people) or a local one (e.g., a bus accident that sends tens of casualties to a
hospital) — in both cases it is an MCE if there is an imbalance between the number of
casualties that need to be treated and the number of resources that should treat them.
Therefore it is very important to prepare for such events. We concentrate on the healthcare
aspects of MCE, particularly in hospitals. A central problem in establishing a hospital's
emergency plan is the inability to forecast the performances of healthcare services. When
an MCE occurs, suddenly and all at once, the demands on healthcare staff and facilities
increase, and an emergency plan must be quickly implemented. Such a plan has clinical

and operational components. In our research we focus on the latter.

The main approach for modeling MCEs has been through simulation. The purpose of our
research is to develop a mathematical model (fluid model) that captures the operational
performance of a hospital during and after an MCE. Such a model would enhance the
understanding of MCEs effects and would allow for better preparation to the future ones.
Possible outputs of the research will be capacity planning of the resources that are needed
during an MCE (e.g., beds, medical staff, space etc.) and operational policies (e.g.,

allocation of equipment, identification of bottlenecks etc.)

The rest of this proposal is structured as follows. In Section 2 we present a literature review
on MCEs and on Fluid Models. In section 3 we discuss our model and explain the methods

that will be used in order to analyze it.

2. Literature Review

2.1 Mass Casualty Events

A mass-casualty event (MCE) is defined as an unusual situation in which at a certain
moment, there are more casualties than the system is able to manage. During MCS, the
hospital emergency services must treat a large number of patients that suddenly arrive [1].
When a disaster occurs, the number of patients who require treatment in Emergency
Departments may increase 3-5 times the normal volume, which easily could overwhelm
hospitals’ resources [2].

The major challenges that hospitals face in an MCE include surge capacity issues, the fact

that they are already at or near capacity for emergency and trauma services, a lack of on-
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call specialists and nurses, the need to coordinate between competing health care systems
and incompatibilities in communications systems [3]

MCEs are classified into two categories: (1) those that result in an immediate or sudden
impact and (2) those that result in a developing or sustained impact [3]. From a Service
Engineering point of view, this classification is based on the arrival rate of casualties to
receive medical service.

The first category of MCEs includes events such as the detonation of a conventional bomb,
NBC (nuclear, biologic, chemical) attack, airplane or train crashes and natural disasters
such as earthquakes or tsunamis. This immediate impact category is characterized by a
large numbers of casualties at the outset of the event. In some cases there may be a
second wave of casualties due to secondary exposure.

The second MCE category features events such as a massive exposure to anthrax or
smallpox. Another example of this type of MCE is the potential case of an influenza
pandemic, in which there would be a gradual increase in the number of people affected,
possibly rising to a catastrophic number of patients. In this type of MCE, the number of
cases may decline due to treatment and prophylactic efforts. This type of MCE would
necessitate a more sustained response, as the impact would be felt over a much longer
period than the immediate-impact MCE. In our research we will focus on the first category of

MCEs with sudden immediate impact.

An MCE occurrence affects nearby hospitals, which have been working in steady state,
treating a reasonable amount of patient, and now must start treating a large number of
patients. The lack of adequate staff and equipment may cause injured patients to not
receive the same level of medical treatment that would have been provided had they been
treated as an individual rather than as one of multiple casualties arriving simultaneously. In
order to overcome the temporary lack of qualified staff and resources, the hospital prepares
itself to work under a triage strategy. Upon arrival, patients are triaged by the severity of
their injuries. Severely injured must be treated immediately, since any delay can endanger
their lives. The hospital allocates separate locations for each group so as to ensure that the

majority of resources are allocated to the most severe injuries.

In MCEs that include toxic exposure (chemical, biological, radiological or nuclear) or
contamination threat, the hospital activates its disaster plan and directs all arrivals through
the emergency department [4], [5]. Adjacent to the ED entrance, the hospital establishes a
decontamination zone. Casualties, entering the hospital must be decontaminated; only then,

are they allowed entering the hospital. The most important step in decontamination is the

3



speed of the removal of the agent [6]. Patients going through the decontamination
procedure must remove their clothing as quickly as possible as part of their
decontamination. Their personal items are carried with them in a sealed plastic bag. This
procedure can be accomplished in most cases, though not always, by the casualties without
assistance from medical personnel. The next step is rinsing the casualties with large
quantities of water (high volume, low pressure). Gently scrubbing the skin with soap and a
soft brush removes any remaining fat-soluble chemicals and solid materials [5]. Delaying or
improperly conducting decontamination may inadvertently increase the dangers to the
patient as well as to emergency (healthcare) providers [7].

Designing the decontamination zone can be done in several ways. Frezza et al [8] examine
different designs. Their suggestion is to establish two decontamination lanes: one regular for
stable patients and an emergency track for unstable patients.

When an MCE happens in a place with poor or no medical infrastructure, the local
population and government are helpless and need assistance from other countries. An
example of such an event is the earthquake that struck Haiti on January 2010 [9], [10]. The
number of deaths directly and indirectly by the earthquake is estimated to be 230,000, plus
approximately 250,000 injured people. Israel Defense Forces Medical Corps sent a
delegation to Haiti, consisting of 121 medical personnel who established a field Hospital.
The hospital was fully operational on site merely 89 hours after the earthquake struck and
was capable of providing sophisticated medical care. During the 10 days that the hospital
was operational, its staff treated 1111 patients, hospitalized 737 patients, and performed
244 operations on 203 patients [9].

Due to limited resources of the field hospital, not all casualties seeking help actually
received it. A triage algorithm had to be implemented in order to decide which victim would
be admitted to the hospital and which would not. The hospital staff was constantly required
to deal with ethical dilemmas [10]. The Israel field hospital in Haiti managed to treat 100
patients a day despite the fact that its bed capacity was only 60 (later expanded to 72). The
reason for this was efficiency and flexibility in resource allocation and staffing. For example,
the distribution of injuries had changed during the time, and the hospital had to constantly

re-balance its resources accordingly.

2.2 Modeling an MCE
Modeling healthcare systems or emergency departments in general and MCEs in particular

is difficult due to the complexity, size and dynamic of the systems involved.



Most researches focus on modeling and simulating emergency department in their steady
state.

However, the hospital model in disaster management differs from the model of normal
operations in the characteristics of patient arrivals, which renders the system essentially
transient in nature [11]. Modeling hospital operations has been done by several methods:
linear and dynamic programming [12], [13], queueing models [14], system dynamics
[15],[16]1.[17] and discrete event simulation [11], [18], [19]. Although linear and dynamic
programming models allow quantitative analysis, these mathematical models are typically
unable to accommodate either the random nature or transient nature of MCEs. Queueing
models are capable of representing stochastic processes but they often only capture long-
term system performance.

System Dynamics is a methodology that analyzes systems by modeling their components
(sub-systems) and the internal connections (feedback loops) between them. A system
dynamics model consists of an interlocking set of differential and algebraic equations. A
completed model may contain hundreds of such equations along with the appropriate
numerical inputs. Applications of system dynamics in healthcare systems exists either for
solution-oriented systems (e.g. cancer scanning [15] or chronic disease prevention [16]) or
for macroscopic system modeling (broad view of population health [16], total patient flow
through the U.K. National Health Service in emergency and extended care [17]).
Simulation is widely accepted as an effective method for assisting management in
evaluating different operational alternatives [18]. Marmor et el had developed a general
flexible simulation tool for Emergency Departments, which provides estimates regarding the
current operational state and enables short term operational planning. Aliyas et el [11], have
developed a transient model for hospital ED using a simulation and a set of meta models.
Their model enables them to predict patients' waiting times and estimate hospitals'
capacities (for all the hospitals in the disaster region). The suggested model does not
include estimation of arrival rate which keeps changing in a disaster event.

In another research, a discrete-event computer model of an emergency room and related
hospital facilities was constructed and implemented, based on accumulated data from 12
urban terrorist bombing incidents in Israel [20].The simulation predicted that the admitting
capacity of the hospital depends primarily on the number of available surgeons and defines
an optimal staff profile for surgeons, residents, and trauma nurses. The researchers
concluded that the major bottlenecks in the flow of critical casualties are the shock rooms
and the computed tomography scanner but not the operating rooms. The simulation also
characterized the number of support staff needed to treat noncritical casualties and showed
that radiology is the major obstacle to the flow of these patients.
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2.3 Fluid Models

Fluid models provide a useful approximation that support performance analyze and control
of large systems (high arrival rate and large number of servers) that vary in time. For
example, fluid models have been used to design and analyze Markovian service network, in
which large demand is being supplied by a large number of servers. The approximation
becomes more accurate as the system grows [21]. The basic fluid model (figure 1) refers to
the system as a black box having an arrival rate function A(t) and a departure rate function
o(t), t=0.

A(t) o(t)

System " 5

Figure 1 — a black box model

Let Q(t) represents the total amount of "fluid" in the system, it can be calculated by solving

the differential equation:

AQ(t) — A1) -5@), t=0, Q(0)=Q°.

If the system consists of N(t) servers at time t, each one with service capacity y, then we get

the following differential equation on a refinement of the above:

AQ(t) = A(t) - p*min(Q(t), N(1), t=0, Q(0)=Q°

Mandelbaum at el [22] used a fluid approximation for modeling a multi-server queue in a
single service system station with abandonment and retrials. The model was proven
accurate both in steady state and in transient state, the latter caused by a sudden peak in
the arrival rate. Solving the model's equations yields an estimation of the total number of
people in the system at any time (total number in queue, in service and the total number that
will retry). The model allows for a prediction of the time until the system returns to steady
state.

Green et el [23] implemented fluid approximation to an overloaded financial service call
center. The approximation allowed estimating the waiting time and queue length (which vary
in time) and the total time until the system recovers from congestion that occurs during rush

hours.



Whitt [24] developed a deterministic fluid approximation for the G/Gl/s + Gl queueing model
with large s (queueing model for a general multi-server queue with customer abandonment).
In his work, he focuses on steady state behavior. Numerical examples show good results
when compared to exact result for M/Gl/s + GI models, obtained via computer simulations

and numerical algorithms.

Yom-Tov [25] expanded the framework of Mandelbaum et al. [21] on time-varying queues
and developed fluid and diffusion limits for the Erlang-R model. Erlang-R captures the
behavior of Re-Entrant customers, who cycle between need of service and being content:
such reentrant customers are prevalent in healthcare. In her work, Yom-Tov showed that
fluid approximations are not only useful in analyzing time-varying systems, but also help
understand the transient behavior of systems in steady-state. More specifically, the Erlang-R
model is a stochastic queueing process which consists of 2-node state-dependent queues:
Q(t) = (Q4(1),Qa(t)). Q4(t) represents the number of Needy patients in the system (i.e., those
either waiting for service or being served), and Q(t) the number of content patients in the
system, at time t. The fluid model yields an approximation for Q(t), t=0.

The developed model is then used to analyze mass-casualty events in which the arrival rate
changes rapidly during a short time. A numerical example, in which arrival rate is multiplied
fivefold over two hours, was simulated and compared to the fluid and diffusion
approximation. The comparison showed high accuracy, under the assumption that the time

that the system is in critically-loaded is negligible.

Liu et el [26],[27] analyze a deterministic fluid model for systems which alternate between
overloaded intervals and underloaded intervals, having time-varying arrival rate and staffing,
exponential or non-exponential service and a non-exponential abandonment time. When the
system is under-loaded, the total system content is less than its service capacity, so that
there is no waiting and external input flows directly into service at time-varying rate A(t), t=0.
When the system is overloaded, there is no spare service capacity, so that the input is
buffered in a queue, where abandonment occurs. Liu et el developed algorithms to describe
time-dependent performance. They determined the time-varying potential waiting time, i.e.,
the virtual waiting time of an arrival at a specified time, assuming that it will not abandon.
Simulations of queueing systems confirmed that the algorithm and the approximation were
effective even when the number of servers was as low as 20. They also showed that non-

exponential service distribution played an important role in the fluid dynamics.



3. Our proposed research

In our work, we shall focus on two types of MCEs. The first one is a conventional MCE, one
that is caused by events such as a bomb, train/ bus crash or an earthquake. The second
type of MCE that will be examined is an NBC (Nuclear, Biological, Chemical) MCE. The
hospitals reaction to NBC MCEs differs from the reaction to conventional MCEs. The major
differences between the two types are: (a) decontamination procedure that needs to be
initiated to prevent staff and other patients' contamination. (b) The treatment in case of an
NBC exposure is cyclic: medication is given to the casualties every predefined period. The
casualty's condition dictates the number of cycles and their duration. (c¢) The functionality of
healthcare staff (doctors and nurses) in NBC MCE is similar: both are allowed to administer

medicines and decide whether an additional cycle is needed.

3.1 Objectives
The objectives of our research are to:
(1) Develop a fluid model for a hospital's Emergency Department (ED) during an MCE.
(2) Predict the performance of the ED in MCEs (e.g. total number in the system,
average length of stay, average waiting time).
(3) Determine staffing and equipment allocations in order to provide certain service

levels.

3.2 Research plan
The plan to achieve the objectives consists of:
(1) Mapping and modeling the hospital operations in MCEs and in NBC MCEs in
particular, considering activities and resource allocation.
(2) Development of fluid approximations to estimate performance measures.
(3) Testing the approximations using examples and data collected from a chemical

warfare drill that was conducted at Rambam hospital on May 2010.

3.3 Conventional MCE
When an MCE occurs, the hospital usually receives an advanced notice. Then, it
immediately activates its emergency plan. The activities (patients) go through in the ED
as shown in Figure 2. The resources include staff and equipment. Healthcare staff
includes (a) physicians: internal, surgical and intensive care, (b) nurses: ED nurses and
intensive care (c) stretcher bearers. The equipment category covers stretchers, intensive

care positions and operation room (OR).



e

Transfer to

— operalion is needed——» Operation
Room
=12 13 12
= -
& ﬁ; -S %ﬁ x48
W gd =& -
Transfer to Life fration Admission in Admission in
> severely » Exam »  saving ?'Eﬁ:?o Intensive care— intensive care
injured sita treatment is needed department
-
a, =
Experienced Urgent(15%) 2
dactor
Q"’ Admission is needed _
Hy Admission
i # in hospital
—~Patient Arrival—p Triage | O:Eﬁ:-lu department
Admission is needed
———————Declining
1:10-15 3-4:10-15
_ : -
Intensive Internal e Not urgent(85%) -
cans | physician [ & !
physician [/ Tk Eln
Intensive: Murse _ Transfer to Mental treatment Mental
care nurse bg & > Ilgrllulyﬂmdgrate » Exam » Treatment — Is needed — Treatment
injured site
Surgical
stretcher % physician %
Irtensive

care s o
station %’ Psychiatrst &

No need for Transfer to
treatment ————p A
= Or supervision release site
Stratcher :i E
beares

Ratio between A staff .
members and B patient AB




3.4 NBC (Nuclear, Biological, Chemical) MCE

The hospital emergency plan in NBC MCE is completely different from the plan in a
conventional MCE. As already described, the former is activated, a decontamination zone is
established. Entry to the hospital is allowed only after going through decontamination. After
decontamination, patients go through another triage where they are directed to a treatment
zone according to clinical condition (light injuries, moderate injuries, combined trauma
injuries and severe injuries).

The treatment is given in cycles. The duration of each cycle is determined by the patient's
clinical condition (10 minutes for severe injuries and 30 minutes for light and moderate
injuries). Each cycle consists of 2 steps: the first one is when the medicine is given to the
patient. The second is when the patient waits over the cycle duration according to clinical
condition. At the end of each cycle, the medical staff decides whether another cycle is
needed.

In the NBC MCE drill that took place at the Rambam hospital this year, an RFID (Radio
Frequency Identification) system was used in order to track patients and staff. All entries
and exits in the severely injured zone were monitored. We developed a preliminary fluid
model according to the measured arrival rate. The comparison between the actual number
of patients and the calculated number according to the fluid model is shown in Figure 3. The

basic model shows relatively accurate results.
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Figure 3: Comparison between actual numbers in the system vs. calculated number as

derived from the fluid model

In our research, we shall improve this basic fluid model. We wish to expand it for the
entire ED including the decontamination zone. In addition, we plan to develop a
prediction for the event's dynamics, and finally analyze the resources required in order to

identify optimal allocation and staffing.
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