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1. Introduction

1.1 Study Overview

To design information technology systems that are usable and support effective and efficient
performance, it is necessary to iteratively develop and test such systems. We present a
simulator that can be used to evaluate patient tracking system displays as they are being
developed. The methodology combines a software simulation of emergency department
(ED) events with clinical information to create simulated patients and information about
their evolving condition and care. The simulator consists of underlying software, desktop
and large-screen displays, a phone call/pager system, and typical tasks that enhance the
realism of the simulation experience. The displays contain features typical of ED electronic
patient tracking displays. Additionally, the simulator supports measurement of a variety of
usability-oriented measures (e.g. the level of situation awareness). The simulation has been
implemented in a controlled laboratory environment so the impact of display parameters and
ED operations on user performance can be evaluated. The methodology can provide a model
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for the development of other healthcare IT simulations which combine clinical and
operational data.

1.2 Research Background

1.2.1 Patient Tracking Systems—The shift from paper-based activities to computer-
based processing and storage of healthcare information is considered one of the most
important transformations in the healthcare domain.! Information technology has been
suggested as a means to improve patient safety, organizational efficiency and patient
satisfaction.2 ED patient tracking systems are shifting from a manual format (typically, large
dry-erase boards) to electronic systems. Patient tracking systems display demographic
information (patient name, age and gender), patient location, assigned caregivers, clinical
information (chief complaints, orders, dispositions), indications of workflow, and key alerts
such as those for patients with similar names or allergies.3-> Patient tracking systems are
essential ED tools which are not simply lists of patients and their locations: they allow
patient care and ED processes to be communicated and coordinated across caregivers and
other ED staff.>6

Although some studies of electronic patient tracking systems and healthcare technologies
indicate potential benefits’- such as improvements in accuracy, efficiency and ease of
reporting data,10:11 other studies have indicated a mixed or negative impact.>-6:12-18
Understanding the impact (both positive and negative) of a new system before actual
implementation can avert safety hazards and user rejection, and promote sustained use.
User-centered design processes!® can be used to ensure that new systems are easily usable
by practitioners, contain appropriate information, and meet the needs of care providers.
Evaluating new systems in an operational ED is difficult because caregivers are busy and
involved in safety-critical tasks, and unanticipated hazards have the potential to impact
patients. However, simulation can be used for test and evaluation to avoid these challenges.
Human workload, the usability of technology and types of errors can be recorded in a
laboratory environment by integrating simulation with human factors based measures.

1.2.2. Simulation for computer interface evaluation—Simulations of objects and
environments can vary widely from realistic physical representations (e.g., mannequin
simulators20-23), to computer-generated displays (both desktop, or immersive virtual reality-
type displays), to software programs that include mathematical representations of processes
and events.24 Software simulations are used regularly in transportation,2> manufacturing,26
and service environments to assess and improve system operations. In healthcare, software
simulations have included models of emergency department operations,2”-28 patient flow,
and caregiver workflow.2%:30 However, no simulators to test and develop patient tracking
systems have been described. One type of simulator combines a simulation of a human-
computer interface display with a software simulation of the underlying system the interface
is controlling. For instance, flight simulators used for training pilots combine a realistic
flight deck (where crew members can view displays and manipulate controls) with a
software simulation of aircraft dynamics and flight events. In human factors research,
different human-computer interfaces are often tested using simulations of this type.
Alternative display screens are combined with the underlying system simulation (i.e., of an
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aircraft, a military situation, a process control plant) to allow the effects of different displays
on human performance to be compared.31-37 In our research, we created such a simulator.

1.3 Research Obijective

The objective of this research was to create a patient tracking system simulator to study
human performance with such systems. This paper describes the methodology for creating
the simulation, components of the simulated system, and aspects of the simulation that can
be used for evaluating electronic patient tracking system displays. The methodology
combines a discrete event software simulation of ED processes with a user interface. The
simulator can support studies in which people interact with the patient tracking system
display. System variables (e.g., display configurations, ED load conditions) can be
manipulated while measuring aspects of human performance.

2. Electronic Patient Tracking System Simulator

Figure 1 provides an overview of the simulator components. These components are
described in detail in the following sections.

2.1 The Base ED Simulation Model (ED-DES)

The simulator is based on a model called the Emergency Department Discrete Event
Simulation (EDDES). Discrete event models are computer-based representations of
processes and events that mimic the behavior of stochastic processes in real systems. For
instance, for an ED, triage may be modeled as a process with associated times drawn from a
probability distribution that has been derived from collected data. Patient type (in terms of
the medical severity of the patient's condition) and arrival rates can be modeled based on the
distribution of chief complaint acuities from actual patient arrival data.

ED-DES (developed using the ProModel™ simulation software3%) was based on a
simulation developed during a previous study. The previous study modeled the emergency
department of a large urban hospital.#° Model parameters were captured from hospital
records and observation. The original simulation model used animated simulation and
statistical analyses to identify, evaluate and recommend potential measures to improve ED
patient throughput.“0 Implementation of the recommended changes, including adding an
additional emergency physician at certain hours, resulted in shorter patient lengths of stay.

The original ED simulation included the following components: triage, registration, ED beds
and rooms, labs and radiology, nurses (triage and ED), and physicians. Some ED patients
were admitted to the hospital and the remaining were discharged. The processes of patient
triage, registration, waiting for ED beds, being seen by nurses and physicians, lab tests and
radiology imaging, observation, and discharge were all modeled by the simulation. Wait
time depended on the availability of resources, such as ED beds, nurses, physicians and labs
and radiology facilities. The model also captured bed assignment time for admitted patients.
A screen from the animated simulation is shown in figure 2.
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2.2 Scaling the ED-DES Parameters

2.2.1 Patient Arrival Rate—The rate at which patients arrived to the simulated ED was
based on hospital records#? as noted in section 2.1. To more closely mimic the ED
environment where we planned to recruit participants for the simulation studies, we
increased the inter-arrival mean based on the ratio of ED beds between the initially
simulated hospital and the desired size (18 beds to 27 beds, including several temporary
beds/chairs in the hallway). Additionally, we adjusted the simulation to simulate both high
and low patient traffic conditions. The high traffic inter-arrival times were calculated at
150% of the size-scaled data. The low traffic inter-arrival times were calculated at 75% of
the size-scaled data. The calculations below show how the exponential inter-arrival
distributions were scaled:

Scaling Ratio : Target 271 5

Initial 18

Initial Initial Arrival Rate = [ED Main Arrival Rate + Fast Track Arrival Rate] =5.25 +
6.25 = 11.5 arrivals per hour

Simulation Scaled High Traffic Arrival Rate = (11.5 x1.5 x1.5)= 25.875 arrivals per
hour

Simulation Inter - Arrival Distribution : pfean—_60_—932 min

25.875

High Traffic Interarrival Distribution = expo(2.32 min)

Simulation Scaled Low Traffic Arrival Rate = (11.5 x1.5 x 0.75)=12.9375 arrivals per
hour

Simulation Inter - Arrival Distribution : pfean— —4.64 min

60
12.9375

Low Traffic Interarrival Distribution = expo(4.64 min)

2.2.2 Patient Severity Level

The distribution of patient types (in terms of the medical severity of the patient's condition)
was determined using the Emergency Severity Index (ESI) triage score?? originally assigned
by the ED, as follows:

e Severity 1 = 1.8% (Most severe)
e Severity 2=13.2%
e Severity 3=56.1%
e Severity 4 =24.8%
e Severity 5 =4.1% (Least severe)
2.2.3 Simulated ED events—The ED simulation was used to generate a set of events

based on the amount of time taken for each step of a patient's visit to the ED. The various
time based events included:

e Waiting Time Before Triage

e Triage Time
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»  Waiting Time Before Registration

» Registration Time

«  Waiting Time to be Assigned an ER Bed

»  Waiting Time for a Nurse and Physician to Arrive
e Time with Physician

e Time with Nurse

» Lab and Radiology Turn-around Time (if required)

» Waiting Time for a Nurse and Physician to Arrive with Lab and Radiology Results
(if required)

»  Time with Physician with Lab and Radiology Results (if required)

»  Time with Nurse with Lab and Radiology Results (if required)

e Time to Order Patient to be Admitted (if required)

»  Waiting Time to be Discharged from ED to a Hospital Bed (if required)

» Waiting Time to be Discharged from ED to Home (if required)

2.3 Patient Script and Event Timeline Development

2.3.1 Patient Name Database—Simulated patient names were created by randomly
selecting names from a local phone book. Four separate random number lists were used to
select two sets of first names (male and female) and two sets of last names, which were
combined to create patient names.

2.3.2 Patient Gender, Chief Complaint, and Age—Patient gender was assigned
corresponding to the random name assigned to the patient. Chief complaints and ages were
assigned to each simulated patient based on the severity levels assigned by the simulation.
Chief complaint and age were obtained from a de-identified database of actual ED patients.
It was necessary to link age and chief complaint because the severity assigned to a patient
with a given chief complaint could vary due to the age of the patient.

2.3.3 Patient script development—Emergency physicians on our research team created
clinical information corresponding to the simulation-generated events. This information was
integrated with the simulation events and times to create a script for each patient (see table
1). The information was appropriate for the chief complaint, age and gender of each
simulated patient and included clinical information such as laboratory and medicine orders,
treatment plans, and dispositions. The scripts included information that would typically
appear in the comments or disposition column of a manual whiteboard.

2.3.4 Event timeline development—~Patient scripts were integrated to create an “event
timeline” (table 2). The event timeline consists of all events, for all patients, organized by
time. The event timeline contains information such as the location where a patient will be at
a particular time point (waiting room or ED), bed number that will be assigned once the
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patients are in the ED, and nurses and physicians who will be caring for the patient. For
instance, at time point ‘3’ (3 minutes into a scenario), three patients could be at triage, two at
registration, and five in the waiting room (see table 2). The event timeline is used to
populate areas of the Patient Tracking System Display Simulation (PTSS) and to update
displayed information over time, as the events occur.

2.4 Patient Tracking System Display Simulation (PTSS)

The PTSS is the front-end graphical user interface which simulates an electronic patient
tracking system interface. The PTSS program consists of four components: a database
developed in Microsoft Access 2007, a display generator developed in Microsoft Visual
Basic 6.0, a phone/pager system and a log file generator. The database contains one or more
event timelines (representing different scenarios). The display generator creates displays
according to selected configuration parameters, retrieves information from a specified event
timeline in the database, and inserts the information on the interface as the program runs (as
shown in Figure 3). Dynamic updates of patient information, events, and evaluative probes
(described in section 2.5) are triggered by the event timeline. Participants’ interactions with
the interface are recorded in structured text in the log files for further analysis.

The PTSS has been designed modularly so components can be adapted for different studies.
The software application can be modified to support different interface features (e.g. color
coding based on various ED parameters), and different types of interaction (e.g. discharging
patients). The database could be expanded to include new scenarios, in the form of new
event timelines.

2.4.1 PTSS Display Generator—The PTSS display was designed to show information
commonly found on manual and electronic whiteboards, rather than to mimic any particular
commercially available system. The PTSS has separate views for the ED and the waiting
room. Twenty-four rows (representing 24 available treatment area spaces for patients) are
provided (figure 3). Each row shows room number; length of stay; demographic information
such as patient name, age and gender; clinical information such as chief complaints and
orders; and provider information such as attending physician and resident initials and nurse
name. Nurses are assigned in zones, with each nurse handling six beds. The waiting room
displays the patient's name, age, gender and chief complaint as each enters the PTSS system.
The waiting room patients are automatically transferred to the ED bed screen based on the
“ER bed assignment time” in the event timeline. Both the ED and the waiting room screens
are updated as the simulator runs based on information in the event timeline.

The PTSS is designed to support two screen configurations for evaluation. The display can
be shown either on a standard desktop monitor and large screen (e.g., 47”) display, or just a
desktop monitor. These configurations were chosen because they are consistent with ED IT
system displays that are currently being implemented. As with typically implemented
systems, users can only interact with the small (desktop) display. Results of any changes are
shown on both displays. The large screen display shows the entire census of the ED and
waiting room. The small screen shows either the ED or waiting room, and shows only a sub-
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set of patients. Users toggle between the ED and waiting room views and scroll to view all
patients.

The simulator allows users to change patient information and add same name alerts to
patients, using a “change info” button. From the “change info” screen, users are able to see
patient name, age, gender, chief complaints, current orders, and assigned caregivers.

2.4.2 Phone/pager system—Additional interactions with the PTSS are initiated through
a phone-pager system, which runs synchronously with the simulation. The phone-pager
system emulates typical phone calls and pages that users might receive. Twenty-four
prompts were designed for each forty-minute scenario, and are based on the patient
information appearing on the PTSS at different times throughout the scenario. The phone
calls and pages require users to respond by (a) checking the PTSS to obtain information
about a specific patient (b) referring to a list of physician/nurse phone numbers (c) changing
information about a specific patient in the PTSS, based on the information provided by the
prompt or (d) transferring information about a specific patient from the screen to a form.
Example prompts are to “find the location of a patient,” or “change the lab value for a
patient.” Responses to the prompt system are recorded for further analysis, such as the
accuracy and completeness of the responses.

2.5 Simulator Measurement Capabilities

The simulator can measure several human factors engineering and usability variables
(Figure 4). Endsley's simulation freeze technique (Situation Awareness Global Assessment
Technique or SAGAT#Y) was implemented to allow assessment of situation awareness. In
this technique, the simulation is stopped (*frozen”) and the information on the screen
hidden, while various questions regarding the current and projected states of information and
entities in the simulation are asked of the user. Scores are based on the accuracy of the
responses. The simulator can also mimic a critical information system failure by blanking
out the PTSS screens. Users are then asked to reconstruct the PTSS screen on a paper
template, with scores based on the correctness and completeness of the data recall. Thus,
user response and adaptation in the event of critical information system failures can be
measured. The completeness and correctness of the data recalled on the paper form also
indicates the salience of the information represented on the PTSS system.

Scenarios can also be developed to include embedded task ‘probes’, which are deviations
from the normal state of the ED. For example, a “hair x-ray” order could be scripted to
appear in the orders column to determine whether users are able to identify an abnormality
in the information represented on the PTSS. Users can respond to the prompts by verbal or
physical acknowledgement or add “alert” information in the PTSS.

Finally, along with the above measures, the simulator logs all the changes and additions that
users make in the PTSS. This log is useful in providing a retrospective record of the
caregiver interactions with the PTSS system, for use in analyzing the usability of the PTSS.
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3. Simulator Applications

The simulator can be used to assess aspects of performance across ED operating parameters
or display configurations. As described in sections 2.1 and 2.2, the underlying ED
simulation can be scaled to create events and times for EDs of different sizes, across
different scenario lengths, with different patient arrival rates, or with different distributions
of more and less severe patient conditions. Scenarios can be tested across different display
configurations: a small screen, and a small-screen + large screen configuration. For example,
we have used this methodology to create four different forty-minute scenarios based on four
different event timelines. Two scenarios were high traffic, and two were low traffic (as
described in section 2.2.1). Twenty situation awareness (SA) questions were created and
included for each scenario. Embedded probes were included in each scenario, and a system
failure was embedded in one of the scenarios. The simulator and scenarios have been used to
support a laboratory study comparing the small screen and small screen + large screen
configurations across the high and low traffic conditions, for two user groups: ED nurses
and ED secretaries.*2

Because the PTSS program is modular, it is possible to change the format of the information
display while using the same scenarios. Thus, the existing scenarios could be used in
additional studies to test different display conditions. We are creating an additional display
format, using color to highlight critical information. Additionally, because the scenarios
were based on event types and times from a real emergency department, and enhanced with
relevant clinical details, the scenarios should be applicable across a range of user groups. As
needed, the language in the event timeline could be edited to conform to vocabulary or
notations used by specific user groups (e.g., if physicians in one ED denote a urine
pregnancy test as a “UPT” while those in another use “ICON”). Different scenarios could
also be developed by running the underlying ED simulation with different parameters.
Patient scripts could be created using the methodology described in section 2.3 and
assembled into a new event timeline.

4. Simulator Fidelity

Simulators can vary in terms of the level of fidelity with which they represent real world
objects, environments, and situations. Our goals were to incorporate realistic patient related
events, times, and characteristics (e.g., arrival rates, severity of conditions, treatment events
while in the ED), as well as realistic clinical information, into the simulator. Additionally,
we wanted to develop a computer interface that had features found on most manual and
electronic patient tracking systems. We did not attempt to create a multi-room ED
environment where patient care or team interaction could be simulated, nor validate our
system for this or other purposes beyond those of this research. Instead, our approach to
validation was tied to our specific research goals.

Simulator fidelity was closely controlled and evaluated. First, the events and event times
were based on an actual ED, and validated during an earlier simulation by Paul and Lin.40
Second, four emergency physicians on the research team evaluated the set of events
associated with each simulated patient. The clinical details developed for each patient were
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screened for realism, and carefully selected to match the severity level associated with the
patient's condition, as well as the events and event times associated with the patient. The
patient tracking system interface was also developed based on the expertise of the research
team, who had both research and clinical experience with both manual and electronic patient
tracking systems at a number of hospitals. The particular columns and medical notation on
the display were reviewed by the team to ensure they matched those of a manual whiteboard
at a local hospital where we planned to recruit participants. Third, before we used the
simulator as part of an experimental study, we piloted the system and asked people with
relevant experience (e.g., an ED secretary, an attending physician) to assess the realism of
the experimental tasks using the simulator (e.g., the questions generated by the phone
system, the need to look up information in the system). Their feedback was used to enhance
the tasks (e.g., to add more phone interruptions, or slightly change the nature of the
questions and interactions to better match people's real world tasks). Fourth, during the
experiments we conducted using the simulator, participants made informal comments
regarding the patient tracking displays that indicated they were comfortable interacting with
the display and that the simulator display was similar to what they would expect. Thus,
while we did not conduct a formal evaluation of the simulator realism, both our simulator
development methodology and informal assessments associated with our experiments
suggest that the patient tracking system simulator provides a realistic display of events and
clinical information that would be typical of an ED system.

5. Limitations and Future Work

This research did not develop an immersive, simulated “ED suite” in which teams of
trainees or experimental participants role-play complex interactions representative of ED
work and experience realistic workload demands. Instead, measures collected based on the
simulator we developed could be used to make comparisons among different patient
tracking screen designs or screen size configurations in terms of usability and support for
situation awareness. For instance, we have simulated typical paper tasks (e.g., scheduling
nurses for a shift and filling in patient departure forms) to support and supplement
interaction with the PTSS as part of an experimental protocol. Performance measures based
on these tasks indicate the degree to which different patient loads, or display configurations,
impact overall workload.*3 Future studies could consider how to incorporate the simulator
into an immersive, physical simulation of an ED environment where more realistic
assessments of caregiver workload and awareness of information on the displays could be
assessed. Additionally, in an immersive setting, more aspects of team interaction with the
patient tracking system simulator could be measured.**

The discrete event simulation created patient arrivals based on stochastic arrival processes
with different volumes for various times. In a real ED, there could be instances where there
is a sudden extreme surge in the patient volume, such as in the case of a mass casualty
incident. Our simulation does not consider sudden extreme surges in patient volumes.
Additional scenarios could be created, using our methodology, in which transient processes
for patient surge arrivals would be included to capture the dynamic capacity changes in the
hospital. Such scenarios may be valuable in assessing IT system performance under
conditions of disaster emergencies.*® It is also possible that the simulator could support ED
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training sessions. Scenarios could be developed which include incidents of interest (e.g.,
mass casualties) or situations which could lead to errors (e.g., patients with similar names),
and used within a more immersive simulated ED setting for training.

6. Conclusions

An increasing number of EDs are transitioning to computerized solutions to support work
processes. Unexpected consequences may ensue from these technological solutions if they
fail to provide support for caregiver's work activities, and have negative consequences for
performance and potentially patient safety. The methodology described here employs
simulation to iteratively design and test IT systems and allows relevant variables to be
measured in a controlled environment. The methodology exploits the benefits of discrete
event simulation to design an electronic patient tracking simulator. Studies using this
simulator will help generate specifications for a patient-tracking interface that will best
support ED caregivers’ work and enhance patient care and safety.
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Simulator Components

1duosnuepy Joyiny

1duosnuep Joyiny

Simul Healthc. Author manuscript; available in PMC 2015 May 05.



1duosnuepy soyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuep Joyiny

Pennathur et al.

Figure 2.
Sample screen from the ED discrete event simulation
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Figure 3.
PTSS screenshot
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Table 1

Example Clinical Patient Script

Patient ID Severity Type | Comments for Whiteboard (ED-DES) | Description of events Time
13 4 Time of Arrival 52.88
13 4 Triage Start 53.25
13 4 Registration Start 57.61
13 4 Registration End 63.65
13 4 Assigned ER Bed 67.66
13 4 ER Nurse and Doctor Arrive | 88.51
13 4 ER Doctor Leaves 1149
13 4 Orders 120.9
13 4 ER Nurse Leaves 14451
13 4 D/IC Patient Disposition 144,51
13 4 Hskp Patient Leaves ER 152.14
Chief Complaint | First Name Last Name Age Gender
Fever, runny nose | Edward Swan 20 M
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