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The Anesthesia Simulator-Recorder: A Device to Train and

Evaluate Anesthesiologists’ Responses to Critical Incidents

Howard A. Schwid, M.D.,* Daniel O'Donnell, Ph.D.t

The Anesthesia Simulator-Recorder is a computer program that
trains and evaluates anesthesiologists’ management of critical in-
cidents. The program executes on IBM compatible personal com-
puters, combining a graphic display of the operating room with
mouse-driven input and using an integrated set of physiological and
pharmacological models to predict patient responses. The program
records the simulated patient’s vital signs and all management de-
cisions, and produces a printed case summary. The Anesthesia Sim-
ulator-Recorder was evaluated by 44 resident and attending anes-
thesiologists at seven different anesthesia training centers. These
anesthesiologists found the simulator easy to use with clear presen-
tation of the case and management options. The physiological and
pharmacological models produced clinically realistic predictions of
patient behavior (mean score = 8.5, where 10 is highly realistic and
1 is unrealistic). The Anesthesia Simulator-Recorder was appraised
as an excellent training device (mean score = 8.5, where 10 is out-
standing and 1 is poor) because it provides the ability to repeatedly
practice the management of critical incidents. The simulator was
judged to be a good evaluation device (mean score = 6.6, where 10
is outstanding and 1 is poor). No significant differences were found
in evaluations between the institution where the program was de-
veloped and other institutions, or between residents and attendings.
(Key words: Computer: simulation., Outcome: critical incidents.)

THE ANESTHESIA Simulator-Recorder is a computer
program that simulates many of the physiologic and phar-
macologic aspects of general anesthesia. The patient,
anesthesia machine, monitors, and management options
are presented by a graphic user interface that allows the
trainee to simulate administration of an anesthetic. An
integrated set of mathematical models predict patient re-
sponses to the anesthetic management and a finite state
machine creates simulated critical incidents. In addition
to simulating the events, the Anesthesia Simulator-Re-
corder prints a detailed summary of the case and the
management for later review.

The Anesthesia Simulator-Recorder is designed as a
teaching and evaluation tool. As a teaching tool, the pro-
gram provides an interactive environment to practice
management of cases and critical incidents. As an evalu-
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ation tool, it can simulate a critical incident and record
the examinee’s detailed response to it. These can later be
reviewed and evaluated.

The Anesthesia Simulator-Recorder was tested by
anesthesia residents and attendings at several anesthe-
siology training programs. Ease of use, predicted patient
responses, and suitability for training and evaluation of
response to critical incidents were assessed.

Methods

DESCRIPTION OF THE SIMULATOR-RECORDER

The Anesthesia Simulator-Recorder is an expanded
version of a previously described anesthesia simulator!
and has been redesigned to operate on an IBM AT com-
patible personal computer with 640 K RAM, a hard disk,
EGA graphics, and a mouse. Major improvements include
pharmacokinetics and pharmacodynamics for 48 addi-
tional drugs, ability to examine the simulated patient, use
of additional monitors, and automatic recording of the
patient’s vital signs and trainee’s management decisions.
The program is written in TurboPascal, Version 4.0
(Borland International, Scotts Valley, CA). There are
three important aspects to the program: user interface,
mathematical models, and the printed case summary.

User Interface. The Anesthesia Simulator-Recorder was
designed to be easily used by anesthesiologists having
minimal computer experience. The display presents the
operating room environment on the screen of a personal
computer (fig. 1) with a simulated patient and monitors
including the hemodynamic monitor, mass spectrometry,
noninvasive blood pressure (NIBP), temperature, pulse
oximetry, spirometry, and airway pressure. The anesthesia
machine, vaporizer, ventilator, and iv fluids are also
shown. The screen is continuously updated to present the
condition of the patient by displaying digital values on
the monitors and analog waveforms that sweep across the
screen. In addition, moving flowmeter bobbins indicate
the fresh gas flows and animated patient images exhibit
the state of the airway.

The Anesthesia Simulator-Recorder describes a sim-
ulated patient to the trainee who plans and performs a
general anesthetic. Using mouse-driven input, the trainee
can examine the patient, communicate with the surgeon,
manage the airway, control ventilation, and administer
fluids and medications. The drugs included in the Anes-
thesia Simulator-Recorder are listed in table 1. The ex-
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FIG. 1. The Anesthesia Simulator-Recorder display includes the patient, the anesthesia machine, and monitors. The patient’s vital signs are
shown on the monitors and messages describe physical signs. Management of the airway, fluids, and administration of drugs are controlled using

a mouse.

aminee can also perform simulated Advanced Cardiac Life
Support skills such as CPR, defibrillation, and the use of
resuscitative drugs.

The simulated patient’s vital signs are predicted in real
time by the mathematical models. A critical incident can
be created during the case and the response of the ex-
aminee is recorded. Several different patients and critical
events are possible and the examinee does not know what
critical event, if any, will occur during his management
of the case. The critical incidents included in the Anes-
thesia Simulator-Recorder are listed in table 2.

Mathematical Models and Finite State Machine. The patient
responses to the management are predicted in real time
by a set of physiological and pharmacological models. The
model of the cardiovascular system predicts cardiac out-
put, blood pressures, and myocardial oxygen balance. The
model of the respiratory system predicts airway pressures,
gas exchange, blood gases, and uptake of inhalation
agents. The pharmacokinetic model predicts plasma con-
centrations of the 53 drugs included in the simulator while
the pharmacodynamic model predicts effector compart-

ment drug concentrations and effects. The models are
linked so that a disturbance in one system will influence
another. For example, inadequate ventilation or oxygen-
ation will cause release of endogenous catecholamines
leading to tachycardia and hypertension.

A finite state machine? defines a finite number of clin-
ical states such as myocardial ischemia or bronchospasm.
The finite state machine defines characteristics of the
state, and the factors that determine transition from one
state to another. During the simulated case, a state can
be entered by model prediction or by setting a critical
incident timer. For example, the myocardial ischemia state
will occur if the myocardial oxygen balance model predicts
that myocardial oxygen demand exceeds supply. Alter-
natively, the myocardial ischemia state will be triggered
several minutes after induction regardless of the anesthetic
management if the critical incident is myocardial ischemia.
Once the myocardial ischemia state is initiated, model
parameters are adjusted to create premature ventricular
contractions, decreased contractility and left ventricular
diastolic compliance to reflect the physiologic effects of
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myocardial ischemia. Termination of the myocardial
ischemia state will occur when manipulation of the he-
modynamic parameters causes myocardial oxygen supply
to exceed demand as predicted by the myocardial oxygen
balance model. The finite state machine then resumes the
normal state and eliminates the premature ventricular
contractions, and restores myocardial contractility and
relaxation properties.

The model of the cardiovascular system used in the
Anesthesia Simulator-Recorder was described by Schwid
et al.® It is a simplification of the model used by Fukui et
al.* to study the effects of halothane on the circulation.
The left and right ventricles are represented by the time-
varying elastance (stiffness or inverse compliance) model
that has been validated by the experimental work of Suga
et al.’ According to this model, the ventricles change their
stiffness during the cardiac cycle with the maximum stiff-
ness representing contractility.® The time-varying elast-
ance model is described by:

P(t) = E(t)- {V(t) — Va} (1)

where P(t), E(t), and V(t) are the instantaneous ventricular
pressure, elastance, and volume, and V is the ventricular
volume at zero pressure.

The diastolic or relaxation properties of the ventricles
are described by an exponential function relating ven-
tricular volume and pressure:

TABLE 1. Drugs Included in the Anesthesia Simulator-Recorder

Inhalation Agents Cardiovascular Agents
Enflurane Atropine
Halothane Bretylium
Isoflurane Calcium Chloride
Nitrous oxide Dobutamine

IV Anesthetics Dopamine
Diazepam Ephedrine
Etomidate Epinephrine
Ketamine Glycopyrrolate
Midazolam Labetolol
Thiopental Lidocaine

Opioids Nifedipine
Fentanyl Nitroglycerine
Morphine Nitroprusside
Sufentanil Norepinephrine
Naloxone Phenylephrine

Neuromuscular Agents Propranolol
Antracurium Verapamil
d-tubo Curare Other Drugs
Metocurine Aminophylline
Pancuronium Beclomethasone
Succinylcholine Cimetidine
Vecuronium Diphenhydramine
Edrophonium Furosemide
Neostigmine Ipratropium

Metaproterenol
Methylprednisolone
Metoclopramide
Sodium Bicarbonate
Sodium Citrate
Terbutaline
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TABLE 2. Critical Incidents

Airway difficult to manage
Esophageal intubation
Unintentional extubation
Obstructed endotracheal tube
Endobronchial intubation
Bronchospasm

Anaphylaxis

ST segment changes (myocardial ischemia)
Cardiac arrest

Breathing circuit disconnect
Vaporizer malfunction

P=b-ekV @)

where P and V are ventricular pressure and volume, and
b and k are constants.”

The systemic and pulmonary vascular systems are rep-
resented by the modified Windkessel model.® Systemic
and pulmonary venous compliances are included. The
cardiac valves are represented by diodes which allow flow
only in the forward direction. Given the heart rate, con-
tractility, pulmonary and systemic vascular resistances,
venous compliances, and intravascular volume, the car-
diovascular model predicts filling pressures, cardiac out-
put, systemic and pulmonary pressures using Euler inte-
gration.

Baroreflexes are also included in the cardiovascular
model. Unless the reflexes are pharmacologically blunted,
hypotension will cause an increase in heart rate, contrac-
tility, arterial, and venous tone.’

Myocardial ischemia is predicted using a previously de-
scribed model of myocardial oxygen supply and demand.
In this model, the coronary vasculature is represented by
a resistance and coronary blood flow is predicted from
the integrated difference between the aortic pressure and
the left ventricular pressure divided by the coronary re-
sistance. Myocardial oxygen supply is predicted from cor-
onary blood flow, hemoglobin concentration, and oxygen
saturation. Myocardial oxygen demand is predicted from
the left ventricular pressure-volume area that is defined
by the instantaneous left ventricular pressure and volume
as described by Suga et al.'®!? If predicted demand ex-
ceeds supply, myocardial ischemia is predicted and the
finite state machine causes disturbances in the heart
rhythm, contractility, and diastolic relaxation. Failure to
correct the myocardial ischemia within a few minutes
causes the finite state machine to change the rhythm to
ventricular fibrillation with complete loss of pumping

- function. Furthermore, the finite state machine requires

correction of arterial blood gases, and appropriate doses

# Schwid HA, Buffington CW, Strum DP: Computer simulation of
the hemodynamic determinants of myocardial oxygen supply and de-
mand. The Journal of Cardiothoracic Anesthesia (in press).
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of resuscitative medications and electrical cardioversion
according to Advanced Cardiac Life Support guidelines
for management of ventricular fibrillation to restore nor-
mal sinus rhythm.

The respiratory model includes gas transport through
the anesthesia machine, circle system and airways, gas ex-
change, metabolic consumption of oxygen, and produc-
tion of carbon dioxide. The three-compartment lung
model which includes dead space, pulmonary shunt, and
a pulmonary exchange unit'® is used to predict gas ex-
change in a variety of pathological conditions. Conser-
vation of mass equations are solved for each compartment
and the Fick equation is used to predict exchange across
the alveolar-capillary interface and the capillary-tissue in-
terface:

Quantity removed from blood = [blood flow]
X [arterial content — venous content]. (3)

Given the gas flows from the anesthesia machine plus
tidal volume and respiratory rate, the respiratory model
predicts inspired and exhaled gas concentrations and
blood gases after each breath. Airway pressures are also
predicted from airway resistance and total compliance.

Spontaneous tidal volume and respiratory rate are af-
fected by many of the drugs used in the simulator. Re-
spiratory depression is represented by changing the re-
spiratory rate, decreasing the slope of the carbon dioxide
response curve and increasing the apneic threshold.'*

The pharmacokinetic model predicts plasma drug con-
centrations. For each drug administered, a two-compart-
ment model is used with a central compartment and a
peripheral compartment.'® Standard pharmacokinetic
parameters describe the volume of distribution, redistri-
bution to and from the peripheral compartment, and
clearance. The pharmacodynamic model predicts the
drug concentration in an effector compartment as de-
scribed by Sheiner and Stanski.'® Each drug in the sim-
ulator may affect level of consciousness, analgesia, neu-
romuscular blockade, heart rate, contractility, systemic
vascular resistance, venous tone, the baroreflex, respira-
tory rate, slope of the carbon dioxide response curve, and
the apneic threshold. Forty variables are defined for each
drug describing its pharmacokinetic and pharmacody-
namic properties. These variables can be easily modified
to produce patient variability in drug responses. (The au-
thor will provide on request the values used for the sim-
ulated patients in the Anesthesia Simulator-Recorder and
references for these values),

Drug interactions are handled in an additive fashion
with the effects of drugs A and B equal to the effects of
drug A plus the effects of drug B. Drug agonism and
antagonism are therefore simulated, but synergism is not
yet included. A model for fluids predicts intravascular
volume, urine output, electrolytes, and hematocrit from
volumes administered and lost throughout the case.

H. A. SCHWID AND D. O’'DONNELL
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Printed Summary. In addition to predicting and display-
ing the simulated patient responses, the Anesthesia Sim-
ulator-Recorder prints a summary of the case for later
review. The record includes the patient’s vital signs and
the examinee’s management. An example of the printed
record for an uneventful induction is shown in table 3.
Vital signs and respired gas concentrations are shown ev-
ery 30 s along with a summary of all diagnostic and ther-
apeutic decisions made during the case. As a testing de-
vice, the printed summary can be reviewed by a grader.
As a teaching device, the reviewer can discuss manage-
ment of the case at the end of a simulation session using
the printed record, or temporarily suspend the simulation
to discuss diagnostic and therapeutic options during the
simulated case.

EVALUATION OF THE SIMULATOR

The Anesthesia Simulator-Recorder was evaluated by
44 anesthesia residents and attendings at the University
of Washington, Mayo Clinic, Northwestern University,
Pennsylvania State University, Hahnemann University,
Emory University, and Brigham and Women’s Hospital.
These anesthesiologists used the Anesthesia Simulator-
Recorder for at least 2 h and then completed a survey
concerning the accuracy of the predicted patient responses
and the utility of the program as a training and evaluation
device. All critical incidents were evaluated. According
to University of Washington guidelines, informed consent
was obtained prior to the evaluation. Sixteen anesthe-
siologists were from the institution where the program
was developed, while 28 were from other institutions.
Twenty-one anesthesiologists surveyed were attendings
and 23 were residents.

Results

Most of the anesthesiologists evaluating the Anesthesia
Simulator-Recorder were able to use it to manage simu-
lated cases in less than 30 min (19.8 % 10.6 min, mean
+ SD), and all learned to use it in less than 1 h (table 4).
Although many of these anesthesiologists had no expe-
rience with computers, they found the mouse-driven input
easy to use (8.7 & 1.4, where 10 is very easy and 1 is
difficult). Assessment of the graphical display showed it
to clearly present the simulated patient’s condition (8.0
+ 1.4, where 10 is perfectly clear and 1 is poor). Likewise,
the predictions of the patient’s responses to management
by the physiological and pharmacological models were
judged to be realistic (8.5 = 1.0, where 10 is highly realistic
and 1 is unrealistic).

The Anesthesia Simulator-Recorder was rated highly
(8.5 % 1.2, where 10 is outstanding and 1 is poor) as an
instructional device. Evaluators stated that the most valu-
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TABLE 3, Sample Printout of a Case Summary for an Uncomplicated Induction

Time HR ABP cvp

PAOP | CO | RR | TV PIP | EEP | Sat | In In Et Et

0:00:21 108 | 98/65/73 | 8
NIBP: Set measurement interval )
to every 3 min
Mask placed.
NIBP: Set measurement interval
to every 1 min
O, flow rate: 5.6 1/min
0:01:01 100
Fentanyl: 250 ug
0:01:34 99
Curare: 2 mg
0:02:07 97
Thiopental: 300 mg
Sux.: 120 mg
Sellick on.
0:02:39 97
L.o.c.: No Response
Pulse: Strong
Skin: Normal
Lid reflex: Absent
Train-of-Four: Absent
Rhythm Change: Precursor
0:03:12 98
Rhythm Change: Normal Sinus
Intubation successful. MAC 3
Size 8.0
Ventilation: Assisted TV 550
RR 8
Breath sounds: Clear
0:03:44 101
NO flow rate: 3.2 1/min
O, flow rate: 1.6 1/min
Vaporizer: ISF 1.5%
Surgeon: prep
Breath sounds: Clear
Pulse: Strong
Skin: Normal
Pupils: 2 mm and reactive

105/69/78 | 8
106/69/79 | 8
107/72/80 | 8

108/71/79 | 8

105/70/78 | 7

99/66/74 | 6

31/13/20 7 |51}118(333] 0} 0 |97|21(0.0(0.0 0

32/14/21 7 5218|304 0] 1 [97|70({0.0]|00]| 387
32/14/20| 7 |51 |18|288| 0} 2 |98(76(0.0]0.0( 33
32/13/20f 7 |5.1(13 251 0] 2 |98]81|00(00]| 35

32/13/20 ( 7 |51 51141 0| 2 |98|86)00(00)| 39

30/13/19( 6 |51] 0 0| 0| 2 |98|91]0.0}0.0 0

28/12/18 ( 6 (48| 8(495| 30 | 2 |98192]0.00.0] 41

able educational experiences using the program were
practicing the management of critical incidents and the
discussions about management stimulated by the cases.
The Anesthesia Simulator-Recorder was appraised as a
good evaluation device to test anesthesiologists’ responses
to critical incidents (6.6 = 2.0, where 10 is outstanding
and 1 is poor). No significant differences were found be-
tween evaluations at the institution where the program

TABLE 4. Evaluations: University of Washington
vs. Other Institutions

was developed and other institutions (table 4), or between
anesthesia residents and attendings (table 5).

Discussion

Although a quantitative assessment of anesthesia risk
can only be estimated, it is recognized that anesthesia does
have potential risks and complications. Gaba described
how many of the lessons learned from other high-risk
irdustries can also be applied to anesthesiology.!” Com-
plex systems such as nuclear power, aviation, and space

Evaluation Item Total Uw* Others TABLE 5. Evaluations: Residents uvs. Attendings
Number 44 16 28 Evaluation Item Residents Attendings
Time to learn

(mean =+ SD) 19.8 +10.6 | 20.6 £10.3 | 19.3 £10.7 Number .23 21
Mouse input 88+ 14 9.6+ 0.6 83+ 1.5 Time to learn (mean * SD) 209x11.0 18.6 + 9.9
Graphics display 80z 14 83+ 14 78+ 14 Mouse input 85+ 1.6 9.0 1.0
Accuracy of Graphics display 7.7+ 1.6 83=+1.1

predictions 85+ 1.0 84+ 15 8.6+ 0.6 Accuracy of predictions 84+ 1.2 8.6 £ 0.7
Teaching device 865+ 1.2 9.2+ 1.1 82+ 1.0 Teaching device 84+ 1.1 8.7+x1.2
Evaluation device 66+ 2.0 7.3+ 20 6.1+ 1.8 Evaluation device 65+ 1.9 6.7 + 2.0
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flight are prone to system accidents involving multiple
interacting failures.'® Operators of complex systems work
from a “mental map” of the system, making management
decisions based on the underlying map. It has been shown
that even highly skilled professionals may construct an
erroneous mental map of the situation and respond in-
appropriately to an emergency.

Cooper’s studies of critical incidents durmg anesthesia'?
suggest that at least 33% of incidents are due to errors in
judgement, confirming that anesthesiologists may often
operate from faulty mental maps. Further evidence of
management errors by anesthesiologists in a crisis situation
are provided by the observations of Allnutt that in an
emergency situation a hypothesis may be quickly formed
and a great deal of information subsequently misinter-
preted to support the initial, possibly erroneous, hypoth-
esis.?® Norman similarly implicates information overload-
ing as a contributor to mismanagement of clinical emer-
gencies.?!

In order to develop correct working mental maps of
the events surrounding potential catastrophes, simulation
is widely used in several high risk industries. Simulation
can be applied equally well to anesthesiology by creating
emergency situations, providing the opportunity to prac-
tice management. The comprehensive anesthesia simu-
lation environment developed by Gaba and DeAnda®? uses
a mannequin, real operating room equipment, and tech-
nical personnel to simulate cases. Despite a few deficien-
cies, this simulation environment was judged to be very
realistic by medical students and residents. The Anesthesia
Simulator-Recorder uses computer models and graphics
to simulate clinical situations. Since it operates on a per-
sonal computer without the need for other equipment or
personnel, the Anesthesia Simulator-Recorder is more
accessible to clinicians and less expensive than the com-
prehensive anesthesia simulation environment.

The Anesthesia Simulator-Recorder, with physiological
and pharmacological models, finite state machine, mouse-
driven i mput graphical display, and case summary prmt-
out, is a unique and sophlstlcated educational environ-
ment. It is easy to use, requiring only a small investment
of time to learn to operate, even for anesthesiologists with
no computer experience. It presents clinical scenarios
clearly and the printed summary serves as a method to
review the management following the case. It provides
the ability to practice the management of life-threatening
critical incidents. These are emergencies that every anes-
thesiologist should be able to manage “instinctively and
ﬂawlessly,”19 but without a simulator may never encoun-
ter them in routine clinical practice, and cannot, there-
fore, be expected to have developed a reflex management
plan. Practice with simulated critical incidents may prove
to form a solid foundation for anesthesiologists to con-
struct their own “‘mental map” of the crisis and appro-
priate management algorithms.

Anesthesiology
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The Anesthesia Simulator-Recorder shows promise as
a testing device for the management of critical incidents.
Since a crisis is often anticipated during a simulation,??
prediction of vigilance in the operating room cannot be
adequately assessed in a simulator. However, once the
examinee observes a situation, each diagnostic and ther-
apeutic step of the critical incident management is re-
corded by the Anesthesia Simulator-Recorder and can be
graded. It should be clear that the Anesthesia Simulator-
Recorder tests only cognitive skills, not manual skills.
Furthermore, the evaluators felt that an examinee must
be thoroughly familiar with the commands and messages
of the simulator to avoid misinterpretation thus invali-
dating the test. Several evaluators stated that absence of
auditory feedback for the pulse oximeter information and
monitor alarms was a major drawback for use as an ex-
amination device. .

Since educational computer programs have typically
had difficulty being accepted outside the developing in-
stitution, it is important to note that evaluation results
were similar for the Anesthesia Simulator-Recorder at
several different institutions. Further studies of the sim-
ulator are planned at several institutions to assess the im-
pact of the Anesthesia Simulator-Recorder on residents’
anesthesia knowledge test and in-training exam scores,
and to evaluate the ability of residents and practicing
anesthesiologists to manage critical incidents, the kinds
of mistakes made, and the ability to improve management
with training on a simulator.

Séveral improvements in the Anesthesia Simulator-Re-
corder are planned to make it a better educational aid.
A library of patients will be added to demonstrate the
effect of disease states on pharmacokinetics and phar-
macodynamics, including cardiac, pulmonary, renal, and
hepatic disorders. Time acceleration will be added so that
an hour of time can be presented in 1 min, providing the
ability to compare several different anesthetic techniques
for long cases without consuming hours of the anesthe-
siologist’s time. Context-sensitive assistance will also be
added to allow the anesthesiologist to ask for advice from
an expert consultant for diagnostic and therapeutic man-
agement options or descriptions of the relevant physiology
or pharmacology during for the simulated clinical situa-
tion.

- Theauthors wish to thank Dr. David Strum for his design suggestions
for the simulator display; Dr. Ronald Faust of the Mayo Clinic, Dr.
Edward Brunner and Dr. Steele Holly of Northwestern University,
Dr. Arthur Schneider of Pennsylvania State University, Dr. David
Seitman of Hahnemann University, Dr. Joseph Garfield of Brigham
and Women’s Hospital, and Dr. Arnold Berry of Emory University
for arranging the evaluations at their institutions.
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