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Abstract

Aim The aim of this study was to use a simulation model
developed for the scientific evaluation of methodology in
disaster medicine to test surge capacity (SC) in a major
hospital responding to a simulated major incident with a
scenario copied from a real incident.

Methods The tested hospital was illustrated on a system
of magnetic boards, where available resources, staff, and
patients treated in the hospital at the time of the test were
illustrated. Casualties were illustrated with simulation
cards supplying all data required to determine procedures
for diagnosis and treatment, which all were connected to
real consumption of time and resources.

Results The first capacity-limiting factor was the number
of resuscitation teams that could work parallel in the emer-
gency department (ED). This made it necessary to refer
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severely injured to other hospitals. At this time, surgery
(OR) and intensive care (ICU) had considerable remaining
capacity. Thus, the reception of casualties could be restarted
when the ED had been cleared. The next limiting factor
was lack of ventilators in the ICU, which permanently set
the limit for SC. At this time, there was still residual OR
capacity. With access to more ventilators, the full surgical
capacity of the hospital could have been utilized.
Conclusions The tested model was evaluated as an accu-
rate tool to determine SC. The results illustrate that SC
cannot be determined by testing one single function in the
hospital, since all functions interact with each other and
different functions can be identified as limiting factors at
different times during the response.

Keywords Surge capacity - Major incident - Simulation
system - Hospital preparedness - MACSIM system

Introduction

Parallel to a continuously increasing risk for major inci-
dents and disasters as a consequence of the development
in the world [1, 2], the vulnerability of hospitals for such
incidents has increased [3]. This paradox is considered to
be a consequence of the technical development, making it
possible to do more advanced procedures, which in combi-
nation with an increase of the aging population has raised
the expenses of health care and led to increasing demands
of efficiency. Every hospital facility has to be optimally uti-
lized, thereby giving little or no reserve-capacity for sud-
den and unexpected extra loads of injured or critically ill
patients [3-5].

As a consequence of this, the previous philosophy that
“as soon as all patients are in hospital, the problem is over”
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is no longer valid. Referring patients that need urgent sur-
gery, or a ventilator, to a hospital where this resource is not
available, may lead to a lost patient. Distribution of casual-
ties between hospitals therefore must be done with a proper
attention to the current situation in the hospitals [6]. This
creates the need of assessing the hospitals surge capacity,
defined as the ability to obtain adequate staff, supplies and
equipment, structures and systems to provide sufficient care
to meet immediate needs of an influx of patients following a
large scale incident or disaster [7].

The aim of the present study was to use a scientifically
validated simulation model developed for interactive train-
ing of medical staff of different categories, supplying infor-
mation detailed enough to run a training session with real
consumption of time and resources, to test the surge capac-
ity and preparedness of a major hospital. This model made
it possible to also illustrate the interaction between the dif-
ferent components of the response, which is important to
give a more accurate picture of the surge capacity.

Methods
Simulation system used for the test

The mass-casualty simulation (MACSIM) system used in
this study was originally developed for the scientific evalu-
ation of methodology in the response to major incidents
and disasters [8]. It was further developed for interactive
training in the international MRMI courses, covering the
whole chain of response, where it so far has been used for
training of more than 550 responders of different categories
and been thoroughly evaluated and validated with regard to
accuracy [9, 10].

The main component of the system was the casualty
card (Fig. 1). Along the sides of the card, the patient’s con-
dition was illustrated by physiologic parameters according
to the ATLS® [11] concept. To each casualty card was con-
nected information on the definitive and complete diagno-
sis, including trauma score, findings on X-ray, and during
surgery, times within certain treatments had to be done to
avoid preventable mortality and complications and poten-
tial need of ventilator. To the cards could be attached mov-
able priority tags and also tags indicating performed inves-
tigations and treatments, all connected to the consumption
of time and adjusted to available resources. The simulation
system has been previously described [9].

Design of the test
One week prior to the test, on the same day of the week and

on the same time of the day, a thorough inventory of the
hospital was made with regard to:
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Fig. 1 MACSIM casualty simulation card. Along the edges of the
card the physiological parameters illustrating the patient’s present
condition are indicated (airway, breathing, circulation, disabil-
ity). In the center of the card (“exposure”), the different injuries are
illustrated with a system of simple symbols. Movable markers can
be attached to the card, illustrating priority and different treatment
and investigations, connected to real time. Photo: Allan Larsson,
Medicinsk Bild, Karolinska University Hospital with permission

e Numbers and diagnoses of patients treated in the emer-
gency departments (ED), all different operating thea-
tres (OR), the postoperative units, the intensive care
units (ICU), and the wards. In the OR:s, the calculated
residual times to complete surgery were recorded. In the
intensive care units, estimations were made if, and if so
when, the patients could be transferred to other wards.

e Numbers and categories of all available staffs serving in
the hospital, as well as their position in the hospital.

e Staff in key positions, and in specialties involved in
the management of trauma patients, not being on duty
in the hospital was asked to give the times when they
could be available.

e Stores of supplies of all kinds expected to be needed
when dealing with a large inflow of casualties.

Based on this information, the hospital was illustrated
on magnetic whiteboards, including all facilities that poten-
tially could be needed in a major incident:

e Casualty receiving zone with primary triage.

e Emergency departments with trauma resuscitation
rooms.

e All surgical theatres.
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All postoperative units.

All intensive care units.

X-ray departments.

Emergency wards and wards within potentially involved
specialties.

All patients in the emergency departments, operation
theatres, postoperative units, and intensive care units were
illustrated by magnetic cards giving the data collected as
above (see Fig. 2a—d) and placed in the position they had at
the preceding inventory.

All staff potentially involved in the incident, except staff
in wards, was illustrated by magnetic symbols, and also
placed at their position at the preceding inventory.

Staff normally working at all the positions involved
was recruited to function at all stations on the boards as
described above. They were all given an introduction and
training on how to use the simulation system prior to the
test.

The tested hospital

The tested hospital was Karolinska University Hospital in
Solna, a 712-bed hospital located on a distance between 2
and 17, 7 km from the multiple sites of the simulated inci-
dent (see below). This hospital is the Level 1 trauma center
of Stockholm and incorporates all specialties involved in
trauma care. A separate children’s hospital (Astrid Lind-
gren’s hospital) is located within the same hospital complex.

According to a proposed modification of the regional dis-
aster plan, this hospital was intended to receive all severely
injured patients from a major incident in the city. This modi-
fication was based on the principle of “normality” assuming
that in a major incident, the trauma center should continue
to receive all severely injured until its maximal capacity was
reached. That was the experience from the Utgya terrorist
shootings and bombing in Norway 2011, where all severely
injured were successfully concentrated to the Ulleval trauma
center in Oslo [12]. This should be made possible by:

Fig. 2 Cards visualizing “nor-
mal” patients already being in

a | NON-DISASTER PATIENT NR 3 b | NON-DISASTER PATIENT NR 174
ED ADULTS

EMERGENCY WARD 2

the hospital when the incidents
occurred, or arriving there

parallel to the victims from the
incidents. Examples of a ambu-

Emergency Room:

_u12z Ward/room: AVA/10:1
Diagnosis: Chest pain (heart?)

latory patients, b patients in

Diagnosis: Septicemia

wards, ¢ patients under surgery,
and d patients in the intensive

care units. These patients were
based on an inventory on a cor-
responding time and day of the
week as the simulated incident

Treatment completed in ED I:I
If yes, requested time:

Needs in-patient care
Needs surgery l:’

If yes, within (hours):
Needs intensive care l:’
Can be sent to primary care? l:’

Can be moved to regular ward

Yes No l:’

If yes, earliest at (time): 11.15

Can be dismissed

Yes |:| No |:|

If yes, earliest at (time):

NON-DISASTER PATIENT NR 45
SURGERY

NON-DISASTER PATIENT NR 99
INTENSIVE CARE

Department/theatre: C-OP/ SAL 12

Diagnosis: Testicular torsion

Surgery:  Orchidopexy
Surgery started (time): 08.36

Surgery ends (estimated time:) 10.30

Can surgery be finalized earlier?
Yes l:’ No

If yes, when (time):

Department/bed: CIVA/4:2
Traumatic rupture
liver + diaphragm

Need of ventilator

Can be moved to ward

Yes |:| No

If yes, earliest at (time):

Diagnosis:

Can be moved to other hospital

Yes[ | No[ |

If yes, earliest at (time):
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e Referring all less severely injured (according to the tri-
age on scene) patients to other hospitals in the city.

e Referring all emergency patients not connected to the
incident to other hospitals.

e  When needed, transfer of staff with documented trauma
competence from one of the other major hospitals in the
city to this hospital.

e When needed, transfer of supplies from other hospitals
in the city to this hospital through the regional medical
coordination center.

The scenario

As model for the scenario, a real incident, the Madrid train
bombings 2004 [13], was used. This was applied to com-
muter trains in the central city of Stockholm, a city with 2.2
million inhabitants. With short intervals, bomb explosions
were indicated to occur in trains at four different positions
in the city of Stockholm, in this case resulting in 400 casu-
alties and a large number of fatalities. The injuries were of
the same type and distribution as in the Madrid scenario.
The Incident Officer on call in the Stockholm health care
system was alerted by the Alarm Center according to a pre-
pared protocol adding the prefix “exercise” to all messages.

The rescue and ambulance services decided the time
schedule for extrication and transport to hospitals based on
the information on the casualty cards, as well as the avail-
able transport facilities and distances at the time of the inci-
dent. An inventory was made at the ambulance dispatch
center to register the actual positions of all available trans-
port facilities, times for response, times for transport to the
sites of the incidents, and transport times from the sites
to the tested hospital. Triage and treatment—to the extent
that was estimated to be realistic and accurate in this situa-
tion—was indicated on the cards with the priority and treat-
ment symbols. An initial spontaneous evacuation of mainly
less severely injured to the nearest (=the tested) hospital
also occurred. During the preceding inventory, also, avail-
able transport resources as well as the traffic situation in
the city were assessed.

Running of the test

The test was run on a regular day during office hours.
Shortly after 10.00 a.m., the first alert from the alarm
center reached the incident officer on call at the Stockholm
regional medical coordination center who declared a “major
incident” and alerted the tested hospital. At this time of the
day, most operating theatres were occupied with elective or
emergency procedures. Within the following 12 min, three
additional alarms came from the alarm center, informing
about explosions in commuter trains on three additional
locations in the city, resulting in 400 injured with the same
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type and distribution of injuries as in the Madrid scenario.
Evacuation and transport were done with real time based
on available rescue and transport resources at the time for
the incident and the distance to hospitals.

The primary task of the tested staff at the time of alert
was to reorganize the hospital according to the disaster
plan. This work was, as in reality, coordinated and led by
the hospital incident command group which was activated
at the primary alert and was in continuous communication
with the regional medical command center and the ambu-
lance service.

The tested staff also had to evacuate the emergency
departments, make an inventory of the intensive care units
as well as wards with regard to patients possible to evacu-
ate elsewhere. In addition, an inventory of ongoing surgi-
cal procedures was necessary to decide on the actual surgi-
cal capability and capacity. This work ran parallel with the
reception of the first patients from the incident.

All casualties given red priority according to Triage Sort
[14] were transferred to the tested hospital. This was an
intentional overload to identify the critical limiting factors.

The casualty cards were delivered to the receiving units
(“Triage zones”) in the hospital at the times given by the
ambulance service. They were registered on arrival by sec-
retarial staff. ED triage was done by a highly experienced
team, distributing the casualties between available resus-
citation teams or directly transferring them to OR or ICU.
Some cases with lower priority were directed to a waiting
area.

The staff at all positions then had to examine the patients
(=read the casualty cards), make decisions with regard
to re-triage, diagnostic procedures, and continued resus-
citation and treatment, and indicate those procedures and
transfer the patients to the next position in the chain of
management.

Experienced observers served as supervisors at every
station (Fig. 3) with the tasks to:

e Make sure that the actions and procedures decided con-
sumed the time and resources actually needed, with
attention to the number and qualifications of the attend-
ing staff represented by the staff symbols.

e Indicate worsening (or improvement) of the patient’s
condition on the cards according to time passed after
injury and treatments done/not done.

e Declare patients dead when given time limits for certain
treatments were exceeded.

e Make sure that in-hospital transport times corresponded
to the preceding inventory.

X-ray (plain X-ray, computed tomography) or ultra-
sonography could be performed in the ED or in the X-ray
department, depending on access to available machines and
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Fig. 3 Experienced staff supervised the work controlling that the
time requested for treatments and transfer of patients was kept, and
no treatments were done without appropriate staff and consumption
of resources. Protocols were filled in on each position, recording the
patient flow through the hospital. Photo: Allan Larsson, Medicinsk
Bild, Karolinska University Hospital with permission

staff. Radiologists had X-ray pictures available for all posi-
tive findings on every patient to give the responsible clini-
cian an answer and also view the images as base for their
decision-making.

For patients transferred to surgery, schematic drawings
of the findings were presented to the surgeon when the pro-
cedure had started. Based on these, they had to decide on
surgical strategy. The observers then set the time needed to
finish the chosen procedure taking into account the number
and qualifications of the surgical team. Times for anesthe-
sia and preparation, closure, and cleaning of theatres were
added. A short surgical report was attached to the casualty
cards after surgery was finished.

Recording of data

Observers at every station filled in prepared protocols,
recording:

e Times for every patient’s arrival.
e Time for start and end of treatment.
e Time and destination for departure.

All tags for treatments/investigations and all surgical
reports were left on the casualty cards after the exercise.
This made it possible to record all measures taken and also
the type and amount of consumed material for these meas-
ures, including surgery.

All data from the protocols and casualty cards were
put together in an Excel document. With this document as
a base, the patient flow and the casualty load on different
positions related to time from the alert could be determined.

By comparing the casualty load with the simultaneously
available capacity, the limiting factors for surge capacity at
different time intervals could be identified. The analysis of
the document with regard to surge capacity was made by an
external expert group to avoid bias.

The test model was evaluated by a combination of oral
and written evaluations by all individuals involved. The
hospital staff also filled in a questionnaire with regard to
their opinion of the disaster plan and proposals for correc-
tions/improvements based on the test. The disaster com-
mittee of the hospital collected these recordings as a base
for revision of the disaster plan.

Statistics

Distribution of the answers in the evaluation form was pro-
cessed in SPSS Version 22 (IBM, New York, NY, USA) and
presented as medians (MD), interquartile ranges (IQR), and
minimum-maximum (min—-max).

Results
Total load of casualties

The first alert reached the hospital shortly after 10 a.m. on
a regular day during office hours. The first patients were
casualties with less severe injuries, spontaneously evacu-
ating the incident sites. Thirty-eight such patients arrived
between 15 and 30 min after the incident, before the rescue
and ambulance services had the scene under control. This
category of patients should have been distributed to other
hospitals if the evacuation had been under control of the
ambulance service. Two of these casualties (arriving 10.20
and given red priority on arrival to the hospital) appeared to
be severely injured and required urgent treatment.

The first ambulance transport arrived to the hospital
10.32. Because of short distances to the different incident
scenes and good access to ambulances, severely injured
patients then arrived in a rapid sequence with very short
intervals (Figs. 4, 5, and 6). From 10.20 until the test was
stopped at 12.40 p.m., the hospital was flooded with a
total of 113 casualties with red priority. Of these, 98 were
brought to the emergency department for adults and 15
to the emergency department for children (<15 years of

age).
Emergency departments
In the emergency department (ED) for adults, 16 resuscita-

tion teams could be mobilized within the first 30 min after
the alert. The prerequisites for these teams were that:
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«Fig. 4 Patient flow on the Emergency Department (ED) for adults.
With 16 parallel teams staffed and equipped for resuscitation of
severely injured (red priority) patients, it was possible to handle 16
patients simultaneously (=T max in the figure) but not more, since
this category of patients had to be taken care of by the teams without
delay. With real consumption of time for all treatments decided by the
teams, the capacity reached the limit 90 min after the incident when
waiting times begun to reach dangerous levels. This point (/ first red
triangle) was registered as the primary capacity limit for this ED.
Thirty-two severely injured had at that time been received. However,
after having cleared the ED, it was possible to restart the receiv-
ing casualties (2 green triangle) additional patients until the lack of
ventilators in the hospital set the definite limit for the surge capacity
(3 second red triangle). Between (1) and (2), 16 severely injured had
to be referred to other hospitals (=A) and after the second break (3)
19 patients (=B), i.e., in total 35 of the 98 severely injured (=red pri-
ority) adult patients in the test

e They were staffed by minimum of two physicians and
two nurses, at least one of each category with postgrad-
uate training in trauma management.

e They had a prepared room or surface to work in, with
necessary equipment and facilities for primary manage-
ment of severe trauma.

This was the maximal number of such teams that could

work in parallel in this department according to preceding
inventory.

50

Between 10.32 and 11.30 a.m., all severely injured
patients (=red priority) could be taken care of by the
resuscitation teams with only minor or no waiting times
(Fig. 4). After that time point and with the continuous
inflow of patients, the waiting times for access to resusci-
tation teams started to increase rapidly. At 11.30 and after
receiving 32 severely injured patients, the capacity of this
department to take care of severely injured patients with
acceptable waiting times was exceeded (Fig. 4). At this
time, there was still remaining capacity for surgery and
intensive care.

Since the aim of the test was to “overload” the hospi-
tal, the arrival of patients was not stopped at the time when
the capacity of the emergency department was exceeded.
This exposed a number of casualties to the risk of not being
provided with the medical care they needed. To avoid this
situation, it had been necessary to stop the inflow at that
point (1 = first red triangle in Fig. 4). After another 30 min,
the ED was “cleared” of casualties arriving before 11.30
and could restart receiving casualties (2 = green triangle
in Fig. 4), since the capacity for surgery and intensive care
was still not exceeded at this point.

At 12.40 (160 min after the incident), the inflow of
casualties had to be stopped because of lack of ventilator
beds in the ICU (3 = second red triangle in Fig. 4). At

40 +

35 4
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15

Il Available

B Casualties

Planned
[

surgery

10:15 10:30 10:45 11.00 11.15 11:30 11:45 12:00 12:15 12:30 12:45 13:00 13:15 13:30 13:45

Fig. 5 Casualty load on the total 49 surgical theatres in the seven dif-
ferent surgical specialty sections of the hospital. Blue color surgical
procedures already started when the incident occurred, some of them
time-consuming extensive procedures that not could be interrupted.
Green color available and staffed theatres. Red color procedures on

casualties from the incident. The total surgical capacity of the hospi-
tal was very well utilized thanks to a very efficient coordinating team
and the surgical capacity was not fully utilized in spite of the heavy
load of casualties in this incident
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Fig. 6 Casualty load on ventilator beds in the six different intensive
care units (ICU) of the hospital. Blue color beds used for patients
already being under treatment, of which some could be transferred
to the wards earlier than planned. Green color beds at disposal, or
made available for receiving casualties. Red color beds used for treat-
ment of casualties from the incident. Four hours after the incident,

that time, it would have been possible to receive addi-
tional 31 casualties without exceeding the capacity of
the ED.

During the time period of exceeding the ED capacity
(11.30-12.00), 16 severely injured would have been nec-
essary to direct to other hospitals (=A, Fig. 4). When the
ventilator capacity was exceeded, an additional 19 of the
total 98 patients would have been necessary to direct to
other hospitals (=B, Fig. 4).

The time the resuscitation teams spent with the patients
(blue columns, Fig. 4) was in average 23.3 min (range
7-50). In addition, the teams spent in average 11.2 min
for transfer of the patient to the next position in the hos-
pital (blue interrupted lines, Fig. 4). These times varied
from none (when the patient could be transferred directly
to the emergency wards near the ED) to very long times
for transport to distant departments, in some cases passing
X-ray on the way because of congestions to the equipment
in the ED.

Almost half of the arriving casualties could be taken
care of by the teams without any waiting time (red lines,
Fig. 4). The rest experienced mostly very short waiting
times. Only two patients (just before the capacity was con-
sidered as exceeded at 11.30) experienced waiting times
exceeding 20 min.
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the available ICU capacity was fully occupied by the casualties from
the incidents, including ventilator beds kept for patients still under-
going surgery but with need of ventilator. This, however, reflects an
unusually favorable ICU situation in the hospital when the incident
occurred (see further the text)

The mean injury severity score of the red-triaged
patients was 34.3 (range 4-75) and the mean age 28 years
(range 15-80).

In the ED for children, the surge capacity was never
exceeded, since the need of simultaneously working resus-
citation teams did not exceed the number of available teams
with required facilities for primary management of severely
injured children.

The total number of casualties received in the ED
for children was 15. The mean age of these patients was
10 years, range 4—15. The ISS was in average 22.2, range
5-38.

X-ray

In total, 22 pulmonary X-rays and 4 skeletal X-rays were
performed in the ED. The rest of the pulmonary and skele-
tal X-rays were planned either at the patient’s next destina-
tion (ward, preoperative unit, ICU). This was unfortunately
not recorded because of lack of serving staff. The relatively
low number of investigations was due to the fact that there
were not enough equipment available in the ED to supply
all parallel working teams with X-ray service.

The same was true for ultrasonography (USG) with only
11 investigations performed in the ED. According to the
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routines in this hospital, USG was performed by X-ray staff
and not by surgeons or emergency medicine physicians.

Thirty-eight computer tomographies (CT) were regis-
tered during the primary management. A minority of these
was done at the ED, but because of only one available scan-
ner in this department, most patients were transferred to the
X-ray department. This consumed considerable transport
times for the accompanying resuscitation teams (also illus-
trated in Fig. 4). CT was not done in circulatory unstable
patients.

Retrospective analysis of the total need of X-ray inves-
tigations in these patients indicated that all needed X-rays
could have been possible to perform without exceeding
available capacity.

Surgical procedures

A total of 59 surgical procedures were performed or started
during the test period, distributed according to Table 1.
Only life- and limb-saving procedures were done during
this primary phase after the incident.

The number and distribution of surgical procedures were
proportionally almost identical to the corresponding figures
in the Madrid scenario, indicating that similar indications
and priorities for surgery were applied (the acting staff in
Stockholm had no access to these figures from Madrid dur-
ing the test).

Table 1 Performed surgical procedures during the test period

Procedure Number

Craniotomy, intracranial hematomas

Maxillofacial fracture, osteosynthesis

Neck exploration, ligature internal jugular vein
Neck exploration, carotid shunt

Thoracotomy, blunt aortic rupture

Thoracotomy, bronchial rupture

Thoracotomy, cardiac tamponade (fragment)
Laparotomy, penetrating fragments with bleeding
Laparotomy, penetrating fragments, gastrointestinal
Laparotomy, negative exploration

Pelvic packing, pre-peritoneal

— — W R O = o= N = = = W

Pelvic fracture, orthopedic stabilization

—_
(98]

Limb fractures, external fixation

Cervical traction

Peripheral vascular shunt or graft

Traumatic amputation, debridement/revision
Soft tissue injury, debridement

Fasciotomies, crush—or compartment syndrome

e = B =) W \S R

Escarotomy (burn)
Total 59

During this test, all surgical activities were coordinated
by one single team, having to their disposal in total 49 thea-
tres located in seven different surgical departments of the
hospital. Teams and equipment could be moved between
the different surgical sections, making it possible to per-
form surgical procedures also in theatres normally not used
for that specific procedure.

The casualty load on the surgical theatres is shown in
Fig. 5. Since the incident occurred during office hours, the
majority of the theatres were occupied by planned surgical
procedures. These were not possible to immediately inter-
rupt at the time of alert. However, at that time, all non-
started (and not immediately urgent) surgical procedures
were cancelled. As a consequence, an increasing number of
theatres were rapidly made available for casualties.

The highest load on the surgical theatres was recorded
2 h after the incident when 41 of the total 49 theatres were
occupied, 28 of them by victims from the incident. When
the test was stopped, the hospital had good residual capac-
ity for additional surgeries. At that time, many patients in
wards, and also ICU, were scheduled to have planned sur-
gical procedures within the nearest hours or days. In none
of these cases, the calculated waiting time was considered
to involve a risk for life or health.

The need of surgical sets or disposables for these proce-
dures exceeded available supplies only with regard to sets
for external fixation of fractures. This was solved during
the test by transferring such sets from other hospitals in the
region.

Postoperative care

The seven postoperative wards with a total of 54 beds
were used both as preoperative care for patients referred to
urgent surgery as well as for postoperative care. Because
the incident occurred early in the day, there were plenty of
beds available and the surge capacity for these units was
never exceeded. If more ventilators had been available, this
area could also have been used for prolonged postopera-
tive care to some extent releasing the heavy pressure on the
intensive care units (see below).

Intensive care

In total, 42 patients were admitted to the six intensive care
units of the hospital according to the distribution given in
Table 2. All these patients were considered to need ventila-
tor treatment.

When the inventory was done, the capacity for the inten-
sive care was unusually favorable. Thirty-one of the total
68 ventilator beds in the ICU departments were immedi-
ately available, and another 10 beds could be made availa-
ble within 2 h by transferring patients to the wards (Fig. 6).
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Table 2 Casualties requiring intensive care

Intensive care unit (ICU) Number of patients

General ICU 23
Pediatric ICU 6
Neuro ICU 7
Cardiothoracic ICU 5
Extracorporeal membrane oxygenation (ECMO) 1
Long intensive care unit (LIVA) 0

Total 42

Six ICU-requiring severely burned patients from the inci-
dent could be transferred to a burn unit in another hospital.

Despite the favorable situation at the onset of the inci-
dent, the available ICU capacity was not enough for this
load of patients. At 14.00 (2 p.m.), all ICU ventilators
would have been occupied, including those booked for
patients undergoing surgery with need of postoperative
intensive care with ventilator. There were also additional
patients under surgery with such a potential need. This set
the final limit for the surge capacity of the hospital at the
incident (Fig. 6).

Wards

Thirty-five of the casualties from the incident were directly
transferred to wards, according to the distribution illus-
trated in Table 3. In addition, some of the wards received
patients from the ICU units earlier than planned to release
beds for patients from the incident. No “regular” patients
had to be dismissed from the wards earlier than planned.

Need of supplies

Calculated need of supplies based on the information from
the treatment tags attached to the casualty cards is illus-
trated in Table 4. Material needed for X-ray and laboratory
procedures were not registered in this test.

The tested hospital could require additional supplies
from other hospitals in the city. The only supplies requested
were sets for external fixation of fractures, blood, and

Table 3 Casualties referred to wards

Department/ward Number of patients
Emergency wards 17
General surgery 8

Orthopedic surgery

Pediatric surgery 3
Other 1
Total 35
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Table 4 Calculated consumption of material, intravenous fluids and
blood

Material Units
Intravenous needles/cannulas 143
Sets for tracheal intubation 68
Sets for cricothyroidotomy 2
Laryngeal masks 17
Gastric tubes 9
Thoracotomy needles 2
Chest drains 51
Urinary catheters/cystostomi sets 31
Sets for diagnostic peritoneal lavage 1
Splints for fracture stabilization 34
Pelvic girdle/wrap 1
Intravenous fluids 318
Blood units 137

This table illustrates an example of how needs of certain supplies can
be calculated based on the treatment tags attached to the cards. Does
not include material used for surgical procedures

intravenous fluids. However, much of the disposables were
close to running out during the end of the test period.

Assessment of the hospital preparedness

Assessment of the hospital preparedness to respond to a
major incident was done based on experiences from the test
combined with the evaluation forms from the participating
staff.

It could be concluded that the participating staff in gen-
eral was well familiar with the disaster plan. Parts of the
plan had been trained, as the hospital command function,
but not the whole plan before this test was done. Sev-
eral observations were reported with regard to details in
the alert and response procedures that could benefit from
improvement.

Two things were specially emphasized:

e The plan for preparing the emergency department for
several parallel working teams with accurate space and
equipment needed to be clearer and better structured.

e The very successful model for coordination of the sur-
gical theatres, which was used in the test, but was not
included in the plan, needed to be formalized in the
disaster plan with definitions with regard to staffing,
authorizations, and action cards.

The command function of the hospital was specially
evaluated during the test and was found to function very
well as well as the communication and coordination with
the regional command center.
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Table 5 Evaluation of methodology by participating clinical staff

Questions based on written evaluation with a scale 1-10 where: / not at all, /0 very much n MD (IQR) Min-max

How relevant do you consider the used methodology for calculation of the surge capacity of 26 8(1) 6-10
your hospital?

How valuable do you consider this test to identify deficiencies or potential improvements 28 8 (1) 7-10
in the hospitals preparedness?

Do you think that this exercise has improved your ability to respond accurately to a major 27 8(3) 3-10
incident in your present function?

Questions with regard to preparation n Yes (%) No (%)

Would you have needed more time to learn and train the used methodology? 25 56 44

Do you consider the written information sent out before the test as relevant? 26 100 0

Questionnaire return rate 28/34 = 82 %

Evaluation of the simulation model

The evaluation of the accuracy of the simulation model
used for the test is illustrated in Table 5. The number partic-
ipating clinical staff was 34. A written evaluation form was
sent out after the test, and the return rate for clinical staff
was 28/34 = 82 %. On a floating scale 1-10, the median
ranking of the accuracy of the simulation model was 8
(IQR 1), as well as the ranking of the value of the test for
quality assurance of preparedness. The median ranking of
the staff with regard to how much their participation in the
test had increased their ability to respond to major incident
in their present position was 8 (IQR 3).

Around half of the participants would have preferred
more than the given time (one training session of 1 h) to
prepare themselves. All of them who had read the written
information sent out in advance considered the information
relevant.

Discussion
Methods to determine surge capacity

It has been shown that hospital’s self-reported evaluations
of surge capacity are un-reliable [15], this is why there is a
need of objective methods for this purpose. Many attempts
have been made to develop such methods, using comput-
erized models [16, 17], virtual reality systems [18, 19],
theoretical mathematical models [20, 21], and live exer-
cises with casualty actors [22]. All these models have their
limitations. Most of them deal only with only one of the
hospital components, usually the emergency department.
However, the surge capacity is dependent on all compo-
nents of the hospital and how they interact with each other.
Live full-scale exercises with casualty actors would be
very expensive and resource consuming if they should give

sufficient information to evaluate the capacity of all these
components. In summary, there is so far no standardized
and widely accepted model available for determining the
overall surge capacity of a hospital.

Surge capacity at different phases of the response

The result of this test, including all the components with
impact on the hospitals capacity to receive an unexpected
heavy load of casualties, illustrates the hazard in defining
the surge capacity based only on single components of the
chain of management. The capacity was first exceeded in
the ED and the time when the inflow had to be stopped
could be defined (Fig. 4, first red triangle). However, the
capacity for surgery and intensive care was at that time far
from exceeded. If the inflow of patients had been perma-
nently stopped at this time, these important assets would
not have been utilized to their full extent. It could also be
clearly illustrated that the overloading of the ED was tem-
porary and it was possible after an interval to restart receiv-
ing casualties (Fig. 4, green triangle). During that inter-
val, it would have been necessary to refer severely injured
patients to other hospitals. Thus, the proposed change of
the regional disaster plan for Stockholm, sending all red
patients to the single trauma center would have failed with
this scenario.

Before the ED capacity again reached its limits, the
lack of ventilators became the next limiting factor. This
made it necessary to permanently stop the inflow and set
the final limit for the hospital’s surge capacity during this
test (Fig. 4, second red triangle). However, at that time, the
capacity for surgery was still not exceeded. With access to
a reserve supply of ventilators, the surge capacity could
have been extended to the time when the OR capacity was
fully used.

Thus, with the use of this model, it was possible to
illustrate;
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e How the different components in the chain of manage-
ment interacted with each other.

e That different components became limiting factors at
different time intervals during the alert.

e How measures to fully utilize the capacity of the hospi-
tal could be identified.

The validity of the test

It has to be emphasized that the result of this simulation—
as for all tests of this kind—is valid only for the corre-
sponding time with regard to the activity in the hospital.
This test was done during office hours with all functions in
the hospital fully staffed, but also fully occupied with nor-
mal health care. If the incident had occurred during non-
office hours with only teams on duty available in the hos-
pital, the situation would have been different. The number
of resuscitation teams possible to mobilize within the time
period and needed to cope with the rapid inflow of patients
would have been greatly reduced. In a city with short dis-
tances to hospital and good access to transport resources,
the inflow of casualties starts very fast and rises to high lev-
els very quickly. At the Madrid bombings, from which this
scenario was taken, the nearest hospital received the first
patients within minutes and then a total of 272 patients in
2.5h[13].

On the other hand, during non-office hours, it would
probably have gone faster to mobilize surgical theatres,
presumed that the hospital had a good disaster plan with
a prepared organization to call in staff off duty. In sum-
mary, to draw conclusions about surge capacity on a 24-h
base requires tests both during office- and non-office
hours.

Was the capacity of this hospital to receive 63 severely
injured casualties during 2.5 h realistic? The authors serv-
ing as external observers had not expected such a high
capacity, and it is also high related to other reports on hos-
pital surge capacity. However, it has to be stressed that the
results from this test cannot be directly applied to other
hospitals or regions without taking into consideration the
special conditions valid for this hospital:

e [t is a large university hospital with all surgical special-
ties, including 49 surgical theatres in seven surgical
departments and in total 68 ICU-beds with ventilators.

e It was intended to receive only severely injured (red pri-
ority on scene according to Triage Sort [14]). All less
severely injured and other emergencies were during the
incident referred to other hospitals.

e [t could request both staff and supplies from other hos-
pitals in the city during the response.
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e It had facilities for 16 resuscitation teams for major
trauma working in parallel, which is unusual even for a
large hospital.

Furthermore, reports from similar incidents have dem-
onstrated that the load of severely injured casualties of this
magnitude during this time interval may occur and has to
be planned for [23].

The hypothesis behind this study was that the tested hos-
pital could serve as the only receiving hospital for severely
injured in a major incident, according to the model suc-
cessfully used at the recent terror attack in the neighbor-
ing country, Norway [12]. The results from this study illus-
trates that such a recommendation cannot be generalized.
Even if this load of casualties was very high, it is based on
an incident that actually has happened. This implies that
even if the trauma center should be used as much as possi-
ble, there must be a back-up plan to involve other hospitals
when the capacity limit—even if temporarily—is exceeded.

With regard to the last point, this test was done during
the construction of a new hospital to replace the old one.
A test is planned to study the surge capacity of this facil-
ity and possibly make some adjustments to improve the
hospital’s role as the major receiving hospital in the case
of a major incident. The possibility to use it at the planning
stage further increases the value to this test model.

The realism of the scenario

This incident was a copy of the Madrid bombings [13] and
the type and distribution of injuries taken from that sce-
nario. The difference was that the number of casualties was
reduced. This was based on the information given by the
commuter train company on the normal number of travel-
lers on the involved commuter trains at that time of the day.
The number of casualties must be related to the number of
passengers. The rapid flow of patients was in accordance
with available transport facilities and distances, and also in
accordance with Madrid.

The almost identical proportion of numbers and types of
surgical procedures in this test as in the original scenario in
Madrid illustrated the capability of the simulation system
to mediate information about the casualties of sufficient
accuracy to serve as base for decisions with regard to surgi-
cal priority and strategy.

A similar scenario was very close to occurring in Stock-
holm. In December 2010, a suicide bomber was on his way
to detonate a bomb in a large storehouse in the center of the
city, during the peak of the Christmas shopping. By mis-
take, he released the bomb before entering the storehouse,
killing only himself. If the bomb had—as supposively
intended—detonated indoors in the middle of hundreds of
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crowded people, it could have resulted in a scenario rather
similar to the one in the test.

Even if the strategy in Stockholm was to refer all, and
only, severely injured to the tested hospital, spontaneous
evacuation is unavoidable. This was simulated also in this
test—the hospital received around 40 spontaneously evacu-
ated patients with minor injuries only a few minutes after
the incident. According to experiences from similar inci-
dents [13, 24, 25] that number probably had been even big-
ger in reality. However, it filled the function to visualize
the problem, and these patients have a minor influence on
the surge capacity of the hospital, since treatment can be
delayed and they can even be referred elsewhere for treat-
ment. It is also an indication that trauma centers do need
preparedness to also receive the less severely injured or so-
called “walking wounded”.

Capacity-limiting functions of the hospital

The triage in the emergency department was in the test
led by a team with extensive experience of disaster medi-
cine and with the aim to reduce the time in ED to a mini-
mum. Some patients were labeled to be transferred directly
to OR (preoperative unit) or ICU, but they still had to
pass the resuscitation teams who had to bring them there.
That required at least a quick survey of the patient, and it
required transport time.

The 16 parallel teams in the ED received a total of 63
patients, which meant in average 4 patients per team during
3.5 h (the teams continued to be busy after the inflow was
stopped 12.40, Fig. 4). With the median time for survey and
resuscitation/treatment in the ED of 23 min, this should be
fully possible also in consideration of the sometimes rather
long time for transfer of patients (in average 11 min) and
the time needed to reset the equipment between patients.

The times for survey, resuscitation, and decision making
were in accordance with the generally recommended maxi-
mum times for severely injured in the trauma room: 30 min
for circulatory stable and 15 min for unstable patients [26].
More than half of these patients filled the criteria of being
unstable at arrival. A faster rotation should of course have
been desirable with this heavy casualty load. However, the
hospital has rather long internal transport distances and
these patients required attention during transport. One very
time-consuming measure could be identified: bringing the
patient to a CT in another department when the only scan-
ner in the ED was occupied. This emphasizes the need of
restriction with such investigations in these situations.
According to the evaluation, the use of CT in this test could
have been more limited, even if it never was done in unsta-
ble patients.

Patients referred to surgery were first sent to the post-
operative unit for preparation, deciding priority for surgery

and distribution between available surgical theatres. The
fact that this was done by one single team, having control
of all theatres, made the utilization of theatres very effi-
cient. At the time for the test, this was not included in the
disaster plan but is now being considered, based on the pos-
itive experiences from the test.

The fact that the incident occurred during office hours
caused in this test no significant delay in access to theatres.
At the time of alert, the first operation for the day was just
finished in some of the theatres and all further elective sur-
gery was immediately cancelled. This provided operating
rooms for the most urgent procedures. The delay between
arrivals of casualties until they were ready for surgery then
showed to be just long enough to avoid waiting times for
surgery above critical limits (Fig. 5). At the time of the test
was stopped, the hospital had still capacity for additional
urgent surgical procedures. However, many patients were at
that time waiting for planned, less urgent procedures.

Many of the surgeons in this hospital had international
training in trauma surgery and were familiar with the con-
cept of damage control surgery. This influenced the choice
of surgical strategy, which kept procedure times low and
thus contributed to keep the surgical capacity on a high
level.

Looking at the distribution of surgical procedures
(Table 1), the number of laparotomies was surprisingly
high compared with reports from major incidents of simi-
lar kind. Three negative laparotomies raise the suspicion
on too wide indications for surgery. These were all done
due to multiple penetrating fragments from the explosions.
Although studies have shown that a number of penetrat-
ing injuries to the abdomen in the civilian setting may only
need observation. The strategy in mass-casualty situations
is controversial, because non-operative treatment is also
resource consuming, requiring close surveillance [27, 28].

The available capacity at the intensive care units of
the hospital was surprisingly good at the inventory. Of the
total 68 ICU beds with ventilator in the hospital, 31 were
immediately available. Another 10 could be made avail-
able after 2 h from the alert by transferring patients to the
wards. Based on experience from this hospital as well as
other hospitals in Europe, such access to ICU-beds is very
uncommon. In the daily routine, it is often difficult to find
one single available ICU-bed, even in a large hospital.

Howeyver, the test illustrated measures that can be taken
to increase access to ICU-facilities. The disaster plan of
the hospital included plans to alert and call in staff off
duty also in wards. Increased quantity of staff in the wards
makes it possible to transfer patients from the ICU to wards
on the borderline to need intensive care. A number of such
patients could be identified during the preceding inventory.

The final limiting factor for the ICU was the number
of ventilators. The use of OR ventilators as a temporary
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solution has been discussed in the literature. This is contro-
versial, and a decision in this hospital was not to use them
outside the OR. The access to ventilators was also limited
in the nearest hospitals after transfer of patients. A supply
of extra ventilators would have increased the capacity, since
staff and space were available in the postoperative units.

The access to beds in the wards never became even close
to be a limiting factor (Table 3). If the casualty load had
included also moderately or less severely injured, the pres-
sure of the wards would probably have been higher. How-
ever, experiences from recent incidents of the same mag-
nitude show that the need of hospital beds almost always
is overestimated [13, 24, 25, 29]. In the London Bomb-
ings 2005, the hospitals were criticized for sending home
patients to release beds that were never needed [24]. In the
Tsunami disaster in the South East Asia 2004, the six hos-
pitals in the Phuket and Phang Na provinces in Thailand
with a total of 1500 beds received more than 3000 patient
needing in-hospital care during the first 3 days. This was
dealt with using all available space and reserve supplies,
providing beds by putting mattresses on the floor [29].
Even if this was an extreme situation, it shows that lack of
beds can be coped with, presumed that a sufficient number
of staff and supplies can be mobilized.

In summary, this illustrates that (1) efforts to make an
inventory of available beds after an alert can be delayed,
as it is unlikely to have any influence on the surge capacity
and (2) sending home patients from wards should not be
started until the need is certified.

Accuracy and potential development of the simulation
model

The accuracy of this test is of course dependent on the
accuracy of the simulation system used for test. This sys-
tem is based on real scenarios which secures that the cas-
ualty load and also the type and distribution of injuries is
realistic.

The clinical staff participating in the test, many with
extensive clinical experience, evaluated this model as accu-
rate for its purpose (Table 5) and also considered the test as
an important and efficient training. It also gave a good pic-
ture of the hospital’s disaster plan. The test served as base
for improvement and adjustments of the plan. In this way,
the test also served as quality assurance of disaster prepar-
edness, a field where disaster medicine so far has been far
behind other specialties in medicine.

Even if a simulation model like this includes involve-
ment of a lot of staff, it is still much less expensive than a
test with live casualty actors brought into the hospital [30].
In addition, it can be done with minimal disturbance of the
normal activity in the hospital. Once the training system is
set up, it can be preserved on magnetic film sheets in rolls
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[9], ready to reset very quickly. This creates continuous
access to a system both for training, quality assurance, and
evaluation of modifications of the organization.

Limitations of the study

It has again to be emphasized that no general conclusion
with regard to the surge capacity of a large hospital can
be drawn from this test. What is presented in this study is
a methodology based on a simulation system with a very
high level of detail regarding clinical data. This methodol-
ogy can be used to test any hospital or unit, but every such
test has to be based on the specific conditions valid for the
tested hospital.

In addition, conclusions with regard to surge capacity
of a hospital cannot be drawn from one single test. Defin-
ing surge capacity, regardless of method, requires more
than one test, and testing should be done both during office
hours and non-office hours.

This was the first time this simulation system was used
for a test of this kind, covering all functions of a large
hospital. A natural consequence of this is a potential for
improvement. The number of acting staff in the wards
was too small in this test. In this situation, investigations,
treatments, and continuous surveys have to be done on the
wards to a higher extent than in routine health care. We
underestimated this since we did not consider the wards as
capacity-limiting factors. As a result of this, a number of
ordered investigations (for example, CT) were not done in
a proper time. Increasing the number of participating staff
would still make the test costeffective with regard to the
amount of information gained from it.

Conclusions

e The used method, based on a real scenario and run with
real consumption of time and resources for all involved
functions, gave the information required to define the
surge capacity of this major hospital and was by the par-
ticipating staff evaluated as accurate for this purpose.

e The results illustrate that surge capacity cannot be deter-
mined by testing one single function in the hospital,
since all functions interact with each other and different
functions can be identified as limiting factors at differ-
ent times during the response.

e The used methodology was also evaluated as an effi-
cient method to train participating staff and to make an
assessment of the hospitals disaster plan.
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