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Abstract: Perfusionists require a detailed understanding of a
patient’s physiological status while comprehending the mechan-
ics and engineering of the cardiopulmonary bypass system, so it is
beneficial for them to obtain relevant practical skills using extra-
corporeal circulation technology and educational physiological
simulators. We designed a perfusion simulator system (ECCSIM:
Extracorporeal Circulation SIMulator system) based on a hybrid
of a simple hydraulic mock circulation loop linked to a computer
simulation model. Patient physiological conditions (height, weight,
and cardiac indices) were determined by a parameter estimation
procedure and used to accurately reproduce hemodynamic condi-
tions. Extracorporeal circulation trainees in pre-clinical education

were able to maintain venous oxygen saturation levels above 50%,
except during cardiac standstill and a brief resumption of pulsa-
tion. Infant amplitudes of reservoir volume oscillation and flow
rate were greatly increased compared with adult cardiovascular
parameters, this enabled the instructor to control the difficulty
level of the operation using different hemodynamic variations.
High-fidelity simulator systems with controllable difficulty levels
and high physiological reproducibility are useful in constructing
a perfusion resource management environment that enable basic
training and periodic crisis management drills to be performed.
Keywords: cardiopulmonary bypass, computer simulation, hemo-
dynamics, perfusion, physiology. JECT. 2009;41:206-212

During cardiopulmonary bypass, human error can be
fatal. Since perfusionists require details about the patient’s
physiological status at the same time as an understanding
of the system mechanics and engineering, it is useful to
develop physiological simulator systems that provide phys-
ical feedback for the practical skill acquisition of extracor-
poreal circulation technology.

The Extracorporeal Circulation Simulator system
(ECCSIM and ECCSIM-Lite), an educational simulator
for the acquisition of such skills, has been under continuous
development since 2003 (1-4). The system was designed as
an application of a hybrid (numerical-hydraulic) model (5)
that reproduces patient hemodynamics using minimum
components of constitution.

In this paper, we describe the advantages and applica-
tion of a patient simulator system that builds a physical
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interface as the institutional environment and that repro-
duces the patient’s physiological condition using a simple
hydraulic mock circulation loop linked to a computer sim-
ulation model. Blood vessel circuit parameters obtained
from various patient physiques (4) were adapted to extra-
corporeal circulation training for pre-clinical residents. The
system was confirmed as an adequate core element for
Perfusion Resource Management (PRM) education.

MATERIALS AND METHODS

System Description

The system is composed of a simple hydraulic mock
circulation loop (hydraulic section) and a personal com-
puter containing the numerical simulation model (virtual
patient model) that simulates vital patient behaviors and
controls the hydraulic section (Figure 1). The mock circu-
lation loop continuously feeds back physiological informa-
tion such as arterial line pressure, arterial, venous, vent and
suction flow, and blood volume to the numerical simula-
tion model.

The hydraulic section is connected to the institu-
tional heart lung machine, and the trainee can operate
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Figure 1. Schematic block diagram of numerical-hydraulic simulator
system. DB: Database of predefined scenario and operation record;
FSa, FSv, FSx: Flow sensor unit of arterial, venous, and additional port
respectively; BR: Blood capacitor reservoir; Va, Vv, Vx: Flow control valve
unit of arterial, venous, and additional line respectively; MP: Main pump
unit; VP: Vent or suction pump unit; SP: Suction pump unit.

Control of
Simulator

Instructor

el o e

SP
«Heart Lung
Machine

the same equipment as that used in the operating the-
ater while monitoring vital signs (Figure 2). Since the
proportional controlled valve is included in each line of
circuit, arterial, venous, and vent line, flow can be con-
trolled using arbitrary timing from the instructor side
without the trainee noticing. The proportional controlled
valve can also be used to adjust arterial line pressure and
venous flow.

The vital sign monitor displays ECG and blood pres-
sure readings to the trainee (Figure 3A), while the operat-
ing information monitor displays arterial flow, vent flow,
arterial pressure, oxygen flow, and blood-gas information
(Figure 3B). The trainee can infuse drugs and measure the
activated coagulation time (ACT) using touch-panel oper-
ation of the operating information monitor. The instruc-
tor can control events during operations such as aorta
clamping and defibrillation by conveying information on a
patient’s condition and the heart lung machine status from
the supervisor interface (Figure 4).

Patient hemodynamic models can be created from the
fluid mechanics element (6), but replicating patient vari-
ation becomes very complex. A simple lumped param-
eter model that presumes component parameters is
therefore preferable. Cevenini et al. previously dupli-
cated fundamental hemodynamic behavior using the
closed systemic-circulatory loop which consists of only
three elements, and were readily able to estimate each
parameter (7). Ferrari et al. previously built a computer
simulation system to comprehend patient hemodynam-
ics and physiology, enabling the duplication of patient sta-
tus variation using a combination of different component
modules (8).

In the present system, patient hemodynamics with extra-
corporeal circulation were reproduced using numerical
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Figure 2. Hydraulic section of simulator connected to heart lung

machine. Hydraulic analog is positioned on an operating table and physi-
cally connected to circuit of heart lung machine.
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Figure 3. A, Visual user interface for trainee. Vital sign monitor panel;

B, Information panel of blood gases, arterial pressure, and line flows of
each circuit line.
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Figure 4. Visual user interface for instructor. Interface is made up of vital
sign monitor panel, blood gases monitor panel, status display of heart
lung machine, and other controls for instructor’s operation.

simulation in which the arterial line port, venous line port,
and vent port were connected to the closed loop of the
systemic circulation containing the heart and pulmonary
circulation (Figure 5). The lumped parameter model was
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used with reference to Ferrari et al.’s model (8). The modi-
fied windkessel model was adopted as the arterial ves-
sel system. The simple windkessel model was adopted as
the venous vessel system to duplicate the arterial-blood-
pressure wave with the minimum components. The variable
compliance model was used as the kinetics of the right and
the left heart. The flow of each resistance, reactance and
capacitance components and nodal point pressures were
solved by lower and upper triangular matrices decomposi-
tion to solve systems of linear equations quickly.

Microsoft Visual Basic 6.0 was used as the programming
language. An IBM-compatible PC (OS: Windows XP SP3,
Microsoft Corporation, Redmond, WA, CPU: Pentium
Core2-Duo, Santa Clara, CA, 1.2 GHz, Memory: 4GB)
was used for simulation. The computation time of one step
was less than 0.02 seconds. Hence the trainee was provided
with real-time information of a patient’s vital signs with
sufficient time resolution.

The heart function and arterial system were given as a
constant (Table 1). The blood volume (BV), venous com-
pliance (Cg,), pulmonary vein compliance (C,,), periph-
eral resistance, and unstressed volume (V.;,) were esti-
mated from patient information since these parameters
greatly contribute to patient hemodynamics. According to
the findings of Cavalcanti and DiMarco (9) and Shoukas
and Sagawa (10), BV, C,, and C,,, are directly computed
from the weight (W). The peripheral resistance was esti-
mated from the cardiac output (CO) by the following
process (Appendix 1). The simulation analysis on these
models was carried out systematically in a range of car-
diac indices (CI) = 2.0-4.0, weight (W) = 10-120 kg. The
relationship of initial peripheral resistance (R_) and
CO was derived for maintaining the mean arterial pres-
sure (AP) at 85 mmHg. The estimation procedure of the
unstressed volume was determined by multiple regression
analysis of CI, and weight change on AP was 85 mmHg
(Appendix 2).

Peripheral resistance and unstressed volume were
determined as follows (Figure 6). CO was calculated from
patient physical information (height, weight, body-surface
area, and CI), R_ was determined from CO, and periph-
eral resistance was derived by the change of AP.

Blood gas information was determined using the for-
mula displayed in Figure 7. The efficiency of oxygen trans-
fer in the artificial lung K, the respiratory quotient RR,
bicarbonate consistency [HCO,] (mEq/L), hemoglobin
concentration tHb (g/dL), and patient weight (kg) were
given as constants. The gas flow V; (mL/min) and the oxy-
gen consistency FiO, were determined by trainee knob
manipulation. The cardiac output CO (mL/min) was deter-
mined as flow of the systemic-circulation loop calculated
by the detection of the arterial line flow Q,, . (mL/min),
the venous line flow Q,, (mL/min), and unstressed vol-
ume V . (mL). The oxygen consumption VO, (mL/min)
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Figure 5. Electrical analog of systemic circulatory system including
extracorporeal circulation. The systemic circulatory loop is composed of
a modified or simple windkessel model and the variable compliance
model. The main pump (BP), venous drainage line (VD), and vent pump
(VP) are connected to the systemic circulatory loop.
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Figure 6. Schematic representations of cardiovascular parameter esti-
mation procedure. Blood volume, venous compliance, and pulmonary
vein compliance are computed from body weight directly. Cardiac output
is computed from body surface area (BSA) computed from W and height
(H), then systemic peripheral resistance is derived by presumption model
f(CO) shown in Appendix 1. Relationship of unstressed volume and W
and Cl is then derived. Unstressed volume is derived by presumption
model g(Cl, W) shown in Appendix 2.The oxygen consumption volume is
derived by presumption model h(W, Temp) shown in Appendix 3.
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Figure 7. Schematic representations of blood gas models. The model is
made up of three input compartments (from instructor’s console, gas
controller for trainee, and simulated results of numerical section), sev-
eral experimental or analytical equations, and delay for blood gas moni-
tor display. T is time constant of delay set as 2.0 seconds.
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Figure 8. Comparison of target and simulated cardiac index and mean
blood pressure to body weight. Simulated mean blood pressure was
maintained at target value (85 mmHg), and simulated cardiac index is
according to target value (2.0, 3.0, and 4.0) in a range of 10-120 kg
body weight.

was estimated from the body weight and body tempera-
ture (Appendix 3). Arterial oxygen pressure PaO,, venous
blood oxygen pressure PaCO,, arterial oxygen saturation
Sa0,, venous blood oxygen saturation SvO,, and pH were
derived from typical blood gases scenarios (11).

Drill Parameters

The validity of the cardiovascular parameter estima-
tion procedure was examined in the weight range 10-120
kg by each simulation when the cardiac index CO was
2.0,3.0,and 4.0.To investigate how the difference in patient
parameters affected operation difficulty, both extracorpo-
real adult and infant circulation training procedures (H =
1.67 m, W = 60 kg, and H = .8 m, W = 10 kg, respectively)
were carried out.

The subject was an undergraduate student from the
Department of Clinical Engineering, Hiroshima Interna-
tional University, Japan who attended the pre-clinical
education lecture course and had no clinical experience
of cardiopulmonary bypass. One of the authors acted as
instructor according to the standardized cardiopulmonary
bypass procedure. All physiological data during the opera-
tion during training (various line flows, reservoir volume,
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and so on) and vital signs (blood pressure, flow, blood gas
values, and so on) were continuously recorded.

RESULTS

Validation of Cardiovascular Parameters

The simulation analysis was derived for a range of
weights (10-120 kg), the target of mean AP was 85 mmHg
and the CI ranged from 2.0-4.0. We confirmed that the tar-
get of CI was in accordance with simulated CI from CO
(Figure 8).

The estimated infant cardiovascular parameters (weight
10 kg, height .8 m) were compared with the clinical value of
Goodwin et al.’s study (12). According to these results, the
Vmin Was 130 mL, the systemic peripheral vessel resistance
(Rsc) was 2.00 mmHg-mLsec, the systemic vein com-
pliance (Csv) was 10.0 mmHg/mL and the systemic vein
resistance (Rsv) was .18 mmHg-mLs. In our estimation,
Vouin was 161 mL, Rsc was 3.02 mmHg-mL"sec, Csv was
10.0 mmHg/mL, and Rsv was .42 mmHgmL "sec. The
present estimation procedure therefore produced similar
results to clinical settings. It would be expected that the
fixed heart rate of 70 bpm influences the higher estimated
Rsc and Rsv results than those observed by Goodwin et al.

Simulation Drill

Hemodynamic (Figure 9A),blood-gases (Figure 9B),and
pump operation information (Figure 9C) were obtained
during the adult extracorporeal circulation training ses-
sion. Venous oxygen saturation was maintained above 50%
except for cardiac standstill and the short period of pulsa-
tion resumption.

The trainee was instructed to check a variation in blood-
gases information while altering the artificial-lung oxygen
flow. The trainee also underwent an infant extracorporeal
circulation training session (Figure 10), during which, the
amplitude of reservoir volume and flow rate increased
more than it had for the adult case. As a result, the oper-
ation increased in difficulty and the trainee could not
maintain venous oxygen saturation above 50% for about
1 minute after cardiac standstill.

Table 1. Cardiovascular Parameters for Systemic Circulatory System Electrical Analog.

Systemic Resistance (mmHg-mL"-s)

Systemic Compliance (mL-mmHg™)

Systemic Reactance (mmHg-s>mL™")

Aortic Ry, =.01

Arterial Ry, =.05

Aortic value R, ; = .01-1000
Mitral valve R, = .005-1000
Pulmonary valve R, = .01-1000
Tricuspid valve R, =.005-1000
Pulmonary R,. = Ry x .147
Venous Ry, = R x.133

Aortic Cg,
Arterial Cy, =

Venous C, =

Right ventricular C,, = .1-30
Left ventricular C, = 1.8-15
=16

4

C

=.01

SAT

Artery L,

Pulmonary artery C,, = 1.5

W x .5

sva =

Pulmonary vein C,, =W x .75

Weight, W (kg); Blood volume, V=W x 52 (mL).
Peripheral resistance R estimated by cardiac output.
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Figure 9. A, Time courses of arterial pressure, centrifugal venous pressure, venous oxygen saturation, and heart rate; B, arterial oxygen pressure,
carbon dioxide pressure and pH; C, arterial flow rate, oxygen gas flow rate and reservoir volume. Simulation training is carried out using adult cardio-

vascular parameters (H = 1.67 m, W = 60 kg).

DISCUSSION

The virtual patient simulator system was developed
using a hybrid (numerical-hydraulic) model. It has previ-
ously been confirmed that an augmented reality simulator
with physical feedback is more effective for acquisition of
practical skills than a virtual reality simulator (13). Since
the institutional heart-lung machine was physically con-
nected to the present system, the augmented physical feed-
back interface was realized in this study. The instructor was
able to control the difficulty of the training by reproducing
hemodynamic variations for different patients from arbi-
trary patient information.

High-fidelity simulation systems have been developed
to effectively reduce human error (14). In the educational
field of anesthesia, many patient simulators were devel-
oped during the 1960s, and it is recognized that improve-
ments in physiology fidelity levels are important for the
teaching of psychomotor skills (15). Morris and Pybus (16)

JECT. 2009;41:206-212

designed an advanced perfusion simulator system contain-
ing information on hemodynamics, blood gases, oxygen
consumption, and pharmacodynamics for use within a spe-
cialized simulation facility; they adopted a hybrid model
such as the one used in the present study. Turkmen et al.
(17) also chose a hybrid model for a simulator suitable
for the education of perfusion students. Since the hybrid
model utilizes variation from different patients, one system
has the potential for application in both basic training and
crisis management drills.

In a numerical simulation of the virtual patient model,
variations in conditions can be increased as the num-
ber of elements increases. Specialized instructor knowl-
edge is required in such cases as the determination
procedure of these parameters becomes more complicated.
Bauernschmitt et al. (18) reported that the expression of
the cardiovascular system with a multiplex branch mecha-
nism of 128 segments can simulate different extracorpo-
real circulations. As the systemic circulation of our system
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Figure 10. Time courses of vital signs and operating results. Simulation training is carried out using infant cardiovascular parameters (H = 0.6 m,

W = 10 kg).

is composed of a minimum of 17 segments, it is recom-
mended that a typical patient’s hemodynamics be repro-
duced directly by input of patient basic information.

The difference between habituation learning from a sim-
ulator operation and genuine knowledge of clinical skills
is an important shortfall of simulation training. However,
since our system enables vital reactions and unexpected sce-
narios to be practiced by the trainee, it is applicable to eval-
uation of practical skills that are beyond mere habituation.

In 2006, the number of Japanese certified perfusionists
was listed as 569; their nationwide distribution is not uni-
form, and the per capita average number of operations
experienced is less than 100 (1). Moreover, 85% of cri-
sis management drill participants did not carry out insti-
tutional periodical trouble management training (19). To
shorten the training period and compensate for inexpe-
rience, a high-fidelity environment is expected to make
Perfusion resource management (PRM) training possible

in a shortened training period. Seropian (20) found that a
plausible environment, responses and interactions, as well
as familiar and realistic simulation equipment are required
for a successful simulation.

Our system succeeds in offering a plausible response,
patient interaction, and familiar equipments. To realize
widespread PRM drills, our future development target lies
in the construction of appropriate training scenarios and
the quantitative evaluation of skills.

CONCLUSION

In the present study, we developed an extracorporeal cir-
culation simulator system, for use as an educational simula-
tor in the acquisition of basic skills and crisis management
in perfusion procedures. This hybrid (numerical-hydraulic)
model can reproduce patient hemodynamics using mini-
mal components of constitution.

JECT. 2009;41:206-212
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The instructor can control the level of difficulty of train-
ing by using different patient hemodynamic variations
from arbitrary patient information. We believe that our
system successfully constructs a realistic PRM environ-
ment to enhance basic training and periodic crisis manage-
ment drills to be carried out.
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APPENDIX 1

The estimation formula of the systemic capillary resistance:
R_ (mmHg-mL"sec) from cardiac output: CO(L/min)

R_, =f(CO) = 4.2442-CO-107¢

APPENDIX 2

The estimation formula of the unstressed volume:
V_.(mL) from the body weight: W(kg) and the cardiac
index: CI(L-m?min™)

V_. = G(CL, W) = 25.2298-CI* - 0.01739-W?
~ 1.95691-CI-W — 145.666-CI
+45.0998- W — 20.1374

APPENDIX 3

The estimation formula of the oxygen consumption rate:
VO, from the body weight: W(kg) and body temperature:
Temp(°C)

VO, = h(W, Temp) = (~0.00001624-W* + 0.036248-W?
— 0.27653-W? + 10.834-W)-(=0.00029-Temp*
+0.0284-Temp? — 0.8509-Temp + 8.2832)



