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Full-body patient simulators provide the technology
and the environment necessary for excellent clinical ed-
ucation while eliminating risk to the patient. The exten-
sion of simulator-based training into management of
basic and critical situations in complex patient popula-
tions is natural. We describe the derivation of an infant
cardiovascular model through the redefinition of a
complete set of parameters for an existing adult model.
Specifically, we document a stepwise parameter esti-
mation process, explicit simplifying assumptions, and

sources for these parameters. The simulated vital signs
are within the target hemodynamic variables, and the
simulated systemic arterial pressure wave form and left
ventricular pressure volume loop are realistic. The system
reacts appropriately to blood loss, and incorporation of
aortic stenosis is straightforward. This infant cardiovascu-
lar model can form the basis for screen-based educational
simulations. The model is also an essential step in attain-
ing a full-body, model-driven infant simulator.

(Anesth Analg 2004;99:1655-64)

setting to teach students, residents, and other
medical personnel. However, this is not an ideal
learning environment because the learning experience
may be limited by the critical condition of the patient.
Full-body patient simulators provide the technology
and the environment necessary for excellent clinical
education while eliminating risk to the patient. Cur-
rently, more than 450 full-body model-driven simula-
tors are being used throughout the world to teach
basic skills (1), responses to complex problems (2), and
crisis resource management (3) to a variety of person-
nel, including residents, medical students, and allied
health care professionals.
The extension of simulator-based training into man-
agement of basic and critical situations in complex
patient populations is natural. Complex models have

T raditional medical education relies on the clinical
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been adapted to simulate the cardiovascular physiol-
ogy of the obstetric patient (4). A simulation-based
training program in neonatal resuscitation has also
been developed (5). Obstetric patients, neonates, and
children often present a management challenge in the
acute care setting because of complex physiology and
the need for swift therapeutic interventions. The mod-
eling of pediatric cardiovascular physiology is an im-
portant step in attaining a full-body model-driven
pediatric simulator that can be used for clinical edu-
cation. The cardiovascular physiology of the neonate,
infant, child, and adolescent all differ because of con-
tinuing development and maturation of the cardiovas-
cular system. Although each pediatric patient may
present a unique challenge to the acute care provider,
we based the cardiovascular physiology of our simu-
lated patient on that of an infant.

The cardiovascular system of an infant differs signifi-
cantly from that of an adult, and, therefore, modeling the
cardiovascular physiology requires the redefinition of a
complete set of parameters. Our hypothesis was that the
described model structure could adequately reflect pe-
diatric cardiovascular physiology for educational simu-
lation purposes. Our goal was to find model parameters
such that the cardiovascular vital signs reflect target
pediatric vital signs in normal and pathologic conditions
and that they react appropriately to critical incidents and

Anesth Analg 2004;99:1655-64 1655
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therapeutic interventions. The selected basic critical inci-
dent was moderate acute blood loss. To evaluate the
capacity of our model to reflect pathology, we chose
aortic stenosis.

Methods

In our study, we used the linearized, improved model
of cardiovascular physiology presented by Beneken
(6) (Fig. 1) to represent the uncontrolled cardiovascu-
lar system. This model was also the basis for the
model of cardiovascular physiology for the Human
Patient Simulator (HPS™; developed at the University
of Florida and commercially available from Medical
Education Technologies, Inc., Sarasota, FL). This un-
controlled model was selected because although it is
of relatively reduced complexity, it could support a
wide range of anticipated learning objectives. The
model can generate pulsatile blood pressure wave
forms and reacts appropriately to blood loss and vol-
ume administration, intrathoracic pressure, baroreflex
control of circulation, and drug influences.

A physiologic interpretation of the model structure
and parameter values is desirable for easy coupling of
this model to other models and for adjustment of
parameter values to reflect pathologies, critical inci-
dents, or other patients. The interactive simulation
application requires the model to run in real time. The
1965 model was used because some of the added
detail in the later models (7) or in the HPS implemen-
tation was judged unnecessary for the present appli-
cation. In our study, we used the baroreflex model
presented by Wesseling and Settels (8). Appendix
1 describes these models in detail. The interfacing of
model input and output signals to the simulator man-
nequin and the monitors, as well as the interactions of
the cardiovascular model with other physiologic mod-
els, is described elsewhere (9).

Adapting the above-described model to simulate
the cardiovascular system of a pediatric patient in-
volved several steps. First, target hemodynamic vari-
ables for the patient—specifically, a 6-mo-old infant—
were defined by reviewing pediatric and pediatric
anesthesia textbooks (10,11) and are listed together
with the simulation results in Table 1 (second col-
umn). To further simplify the development process,
we observed that opening the cardiovascular loop
would allow us to work on the left/systemic and
right/pulmonary sides of the cardiovascular system
independently. The second step consisted of tempo-
rarily fixing the model parameters: pulmonary venous
pressure to 4 mm Hg and intrathoracic systemic ve-
nous pressure to 3 mm Hg. This created a system that
allowed independent manipulation of left heart and
systemic vascular parameters and of right heart and

ANESTH ANALG
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pulmonary vascular parameters. In this phase, physi-
ologic model parameters were derived from the liter-
ature and incorporated into the model. Once target
values were achieved for each uncontrolled system
half independently, the third step consisted of lifting
the restrictions on the pulmonary and systemic ve-
nous pressure and combining the two systems to yield
a full uncontrolled system. In the last step, the influ-
ence of the baroreflex was added, governing the sys-
tem behavior when it receives a perturbation. The
dynamic response to blood loss is evaluated in this
controlled system. As a test of the capability of this
model to reflect pathologies via the adjustment of
model parameters, we obtained data for aortic valve
stenosis and simulated this pathology.

Review of published literature provided clinical
variables that describe the left ventricular function
and global descriptions of the systemic and pulmo-
nary circulation of an approximately 6-mo-old infant
(Table 2). However, cardiovascular data for the
healthy infant were not as plentiful as for the healthy
adult. In addition, one cannot assume that animal data
always correlate well with that for humans. With these
facts in mind, certain model parameters were obtained
directly from the literature, some were derived
through the use of well established formulas, and still
others required that physiologically sound assump-
tions be made. We have explicitly documented these
steps. Appendix 2 describes the parameter-estimation
procedure and its assumptions.

The model simulation results that were validated
first were normal heart rate, cardiac output, and sys-
temic arterial, central venous, pulmonary arterial, and
pulmonary capillary wedge pressures. We also
showed the generated pulsatile arterial blood pressure
wave form. We further presented simulation results
on the model response to acute moderate blood loss
and validated the simulated vital signs for aortic
stenosis.

Congenital aortic stenosis may be caused by a spec-
trum of lesions that obstruct blood flow from the left
ventricle to the aorta. Inclusion in an educational sim-
ulation is relevant for the training in recognition of
and possible therapeutic interventions on an infant
with this condition. Three parameter changes were
made to the model. The aortic valve and intrathoracic
artery resistance (Appendix 2) was increased from
0.016 to 0.8 mm Hg-mL ' -s. On the basis of a left
ventricular pressure volume curve given by Graham
and Jarmakani (12), we changed the left ventricular
filling characteristics by increasing the diastolic elas-
tance of the left ventricle from 0.55 to 1.5 mm Hg/mL
while reducing the unstressed volume from 2 to 0 mL.
This is thought to reflect the reduced compliance and
unstressed volume due to the increased cardiac mus-
cle mass.
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Pulmonary arteries

Figure 1. Hydraulic analog for the
cardiovascular model.
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Table 1. Simulated Cardiovascular Vital Signs for a 6-Month-Old Infant

Simulation results

Independent systems

Full circulation

Left/ Right/ Right/ 50-mL Aortic
Variable Target systemic pulmonary pulmonary (2) Baseline Blood loss stenosis
Heart rate (bpm) 115-145 129 129 129 129 135 140
Systemic systolic pressure (mm Hg) 70-110 89 86 82 76
Systemic diastolic pressure (mm Hg) 50-65 59 57 56 57
Central venous pressure (mm Hg) 3-12 3 3 3 3 2 3
Pulmonary systolic pressure (mm Hg) 12-28 21 16 16 14 20
Pulmonary diastolic pressure (mm Hg) 4-12 7 6 6 5 12
Pulmonary capillary wedge pressure NA 4 4 4 4 3 10
(mm Hg)
Cardiac output (L/min) 1.2-2.0 1.8 2.6 1.8 1.8 1.6 15

NA = not available.

The second iteration for the right/pulmonary side and full circulation uses a reduced right heart contractility.

The model equations were numerically integrated
by using the Euler forward method with a step size of
1 ms. All simulations were implemented in Microsoft
Visual Java++ Version 6.0 on a personal computer
with an 1800-MHz Pentium™ 4 processor.

Results

Table 1 gives the target values and simulated vital
signs. When the isolated halves were simulated (Ap-
pendix 2), the vital signs for the left/systemic side
were within the target values. The pressures for the
right/pulmonary side were within the target values,
but the cardiac output was high. Moreover, it was

higher than the cardiac output of the isolated left/
systemic side. The contractility of the right ventricle,
as reflected in the ERVMAX (maximum systolic elas-
tance of the right ventricle) parameter, was not di-
rectly derived from a measured pressure-volume
loop, but rather through scaling from the left ventricle.
We therefore adjusted this parameter and the corre-
sponding right atrial parameter ERAMAX (maximum
systolic elastance of the right atrium) to obtain a sim-
ilar cardiac output for the right/pulmonary part of the
circulation. A reduction of 40% was necessary. This
second iteration is also reflected in Table 1. The “Base-
line” column of this table demonstrates that combin-
ing the isolated halves into the full circulation did not
significantly influence the simulated vital signs and
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Table 2. Clinical Variables Describing Left Ventricular Function and Global Descriptions of the Systemic and Pulmonary
Circulation of an Approximately 6-Month-Old Infant from the Literature (Assumed Body-Surface Area, 0.4 m?)

Variable Absolute value Normalized value Reference

Heart

LVEDV 17 mL 42 mL/m? 12

LVEDP 5 mm Hg 12

LVESV 5 mL 13 mL/m? 12

LVESP 82 mm Hg 12
Circulation

SVR 25-50 mm Hg - L' - min 10-20 mm Hg - L™ - min * m? 17

PVR 25-75 mm Hg - L'+ min 1-3 mm Hg - L' - min - m* 17

Arterial compliance 0.46 mL/mm Hg 115 mL - mm Hg ' - m™? 19

LVEDV = left ventricular end-diastolic volume; LVEDP = left ventricular end-diastolic pressure; LVESV = left ventricular end-systolic volume; LVESP = left
ventricular end-systolic pressure; SVR = systemic vascular resistance; PVR = pulmonary vascular resistance.

that they were well within the ranges of the target vital
signs. Results from the echocardiographic study of 30
infants performed by Wodey et al. (13) provided data
for baseline heart rate, systolic blood pressure, cardiac
index, and shortening fraction. Their results further
substantiate the clinical appropriateness of our simu-
lated vital signs. In this simulation experiment, we
used a total blood volume of 685 mL, which is slightly
more than the approximately 640 mL expected for an
8-kg infant.

The pulsatile nature of the model is highlighted by
the simulation results in Figures 2 and 3. Figure 2
shows the systemic arterial blood pressure wave form.
We consider this wave form realistic enough for the
envisioned simulation application in acute care train-
ing. Figure 3 (normal case) shows the simulated left
ventricular pressure-volume loop and the clinical vari-
ables and the assumed value for the unstressed vol-
ume from which the left ventricle model parameters
were calculated. The curve, simulated with a full cir-
culation model, reproduces the clinical variables char-
acterizing the end-diastolic and end-systolic situations
in good approximation.

For our 6-mo-old infant, an acute blood loss of
50 mL corresponds to an approximately 7% loss in
blood volume. The simulated vital signs demonstrate
an appropriate clinical response (Table 1; “50-mL
Blood loss” column). Note that the “Baseline” column
in Table 1 represents the vital signs of the system with
baroreflex control in its baseline operating point.
These vital signs are identical, by design, to the vital
signs of the uncontrolled full circulation.

Figure 3 also shows the simulated left ventricular
pressure-volume loops with aortic stenosis. The
changes are indeed very similar to the ones reported
by Graham and Jarmakani (12). Table 1 (final column)
lists the effects on the monitored signals. From Figure
3 and the systemic systolic pressure in Table 1 we
observed that the pressure difference across the ste-
notic valve was approximately 90 mm Hg, corre-
sponding to a severe stenotic situation. From the same
figure and table, we note that for the simulated normal

infant, there is no apparent stenotic pressure decrease.
With the indicated integration step size, programming
language, and hardware, the cardiovascular model
runs 300 times faster than real time.

Discussion

From the perspective of educational simulations of clin-
ical scenarios, the main differences between the cardio-
vascular system of an infant and an adult are quantita-
tive rather than qualitative. Therefore, modeling the
cardiovascular physiology in this context does not re-
quire formulating a new model structure, but it does
require the redefinition of a complete set of parameters.
We describe an existing simulation model and the deri-
vation of a new parameter set for the infant cardiovas-
cular system. Several parameters were derived through
proportionality constants or adjustments. The simulated
vital signs were within the target hemodynamic vari-
ables, and the system reacts appropriately to blood loss.
Arterial pressure wave forms and left ventricular pres-
sure volume curves were, in our opinion, realistic
enough for educational simulations. From the simula-
tion of aortic stenosis, we concluded that through only a
few simple and intuitive parameter changes, we can
manipulate our model to realistically reflect essential
aspects of aortic stenosis.

A simulation engine of a medical simulator typi-
cally includes many other models, and other simulator
functionality requires further processing time. Our
simulation results show that run time is not a limiting
factor to the complexity of this model. However, in-
creasing model complexity would further complicate
the already extensive parameter-estimation procedure
and make future manipulation by clinical instructors
to simulate other patients, pathologies, and incidents
virtually impossible.

Two fundamental physiologic aspects complicate both
teaching and parameter estimation of the cardiovas-
cular system. The first aspect is the circular nature of
the system. A change in any part of the circulation will
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Figure 2. Simulated systemic arterial blood
pressure.
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Figure 3. Simulated left ventricular pressure-volume loops with
and without aortic stenosis. *Clinical variables and the assumed
unstressed volume from which the model parameters were
derived.
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affect blood volumes, pressures, and flow rates in all
parts. The second aspect is control by the baroreflex. This
powerful control system also spreads out the effect of a
local change to many parts of the circulation and masks
the dependency of system variables on system parame-
ters. We solved both problems by initially considering
the left/systemic and right/pulmonary sides of the un-
controlled cardiovascular system independently. The
ability to work on a smaller set of parameters, and with-
out the circular effect of a parameter change, did facili-
tate identifying and adjusting a problem with the con-
tractility of the right heart. After combining the two sides
of the circulation, we then incorporated a model of basic
aspects of the baroreflex.

This model can form the basis for a screen-based
teaching tool. The model may be used to demonstrate
the many clinically important differences between
normal infant and adult cardiovascular physiology.
Clinical scenarios may be created to demonstrate spe-
cific learning objectives. In addition, this model may
be used as the underlying model for the uptake and
distribution of respiratory and anesthetic gases, as
well as simulation of the effects of anesthetics. Models
for the simulation of the myocardial oxygen balance
and electrophysiologic phenomena can easily be cou-
pled to it, with the ultimate goal of simulation of a
six-month-old infant in full scale.

Appendix 1: A Model for Adult
Cardiovascular Physiology

The uncontrolled cardiovascular model (Figure 1) ac-
cepts as inputs blood volume changes and intratho-
racic pressure and generates as outputs systemic and
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pulmonary artery blood pressures, central venous and
all pulmonary artery catheter blood pressures, and
cardiac output. Note that in the 1965 model, the pres-
sure decreases over the systemic and pulmonary beds
are represented by a single resistance each; this model
does not represent the accumulation of blood in tissue,
nor does it reflect distinct parallel vascular beds.

For each model compartment, the variables blood
pressure, inflow rate, and volume change are com-
puted. The compartment equations are coupled be-
cause the inflow rate of a compartment also depends
on the pressure of the upstream compartment, and the
volume change results from the difference between
inflow and outflow rates. The relationships between
variables are governed by resistance, elastance, and
unstressed volume. The elastances of the heart cham-
bers vary and reflect the contraction. Transmural com-
partment pressure [p(t)] is a linear function of the
difference between the compartment volume [v(t)]
and the unstressed volume (UV) (for v(t) > UV). For
selected compartments, average intrathoracic pressure
is added to the transmural pressure to obtain the
absolute pressure. The elastance (E) is the second pa-
rameter in the volume-pressure relationship:

p(t) = E(v(t) — UV) (A1)

The elastances of the heart chambers are time vary-
ing, reflecting the contraction. Compartment inflow
rate [f(t)] is a linear function of the pressure in the
upstream compartment [p;,(t) and p(t)]. The inflow
resistance (R) governs this relationship:

o - pmmR— p(t )

The resistances of the atrial inflow tracts to back-
ward flow are 10 times superior to the resistances to
forward flow. The resistances of the heart valves are
also nonlinear, reflecting the infinite cardiac valve re-
sistance to back flow. The change of compartment
volume is equal to the difference between f(t) and the
compartment outflow rate [f,.(t)]:

dLm_ t) — t A3
= ) = foul®) (A3)

A single differential equation governs the inertial
behavior of the blood in the arteries by using a similar
notation as in Table 3, formally introduced in Appen-
dix 2:

Afonalt) _
dt

pitha(t) + PTH - RETHA fetha(t) - petha(t)
LETHA

(A4)
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Beneken (6) derived the parameter values that rep-
resent a normal adult in the supine position for the
uncontrolled model from a combination of clinical
data and computation based on physics (Table 3).

The description of the heart is critical for the esti-
mation of the infant parameters and will be given in
detail. Figure 4A shows a typical ventricular pressure-
volume loop and the clinical variables that are used to
characterize it. Such a loop can be generated by a
time-varying elastance model of the ventricle (7):

p(t) = e(H)[v(t) — UV], (A5)

where p(t) is the ventricular pressure and o(t) the
ventricular volume as a function of time. The relation-
ship between these variables is determined by the
unstressed volume (UV) and the elastance time profile
[e(t)]. Suga et al. (14) verified this model in dogs and
showed that e(t), which is characterized by its maxi-
mum value and the time of this maximum, reflects the
ventricular contractility. We parameterized the ven-
tricular elastance curve as follows:

F= (T +To) . ( t=(Tu+T)
EMIN + (EMAX — EMIN) sin|
o) = KT, T.

if (Tos+ Tay =t < Tpo+ Toy + Ty
EMIN  (otherwise)

(A6)

The minimum and maximum elastances are EMIN
and EMAX, respectively. T,,, T,, and T, are the
durations of atrial systole, atrioventricular delay, and
ventricular systole, respectively. K, is a normalization
constant equal to the maximum of the time function

{[t - (Tas + Tav)]/TVS} Sln{ﬂ-[t - (Tas + TaV)]/TVS} ’

part of Equation A6. It can be observed that this curve
is a reasonable approximation of the curve for the left
ventricle calculated from measured data by Suga et al.
(14). Figure 4B shows the same pressure-volume loop
as in Figure 4A, now with the model parameters UV,
EMIN, and EMAX. This figure also shows a second
curve that is obtained under different preload condi-
tions, but with the same model parameters. The model
parameters can be derived directly when a number of
measured curves are available. If only clinical descrip-
tors, such as in Figure 4A, are available, and provided
that we have an estimate for the unstressed volume
UV, EMIN and EMAX can be calculated as follows:

EDP — PTH

EMIN = (A7)
EDV — UV
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Table 3. Cardiovascular Parameters for the Adult and Infant

Parameter values

Part of Parameter
circulation Compartment Parameter description name Adult Infant
Total Initial total blood volume VTOTAL 4740 685
circulation
Heart Atria and ventricles Heart rate HR 72 129
Intrathoracic All intrathoracic Average intrathoracic pressure PTH -4.0 —3.25
Left heart Left atrium Resistance to forward flow of RLAIN 0.00300 0.006
the inflow tract
Mitral valve resistance RLAOUT 0.00300 0.006
Diastolic elastance ELAMIN 0.120 0.733
Maximum systolic elastance ELAMAX 0.280 1.99
Unstressed volume VLAU 30.0 1.00
Left ventricle Aortic valve and intrathoracic RLV 0.00800 0.016
artery resistance
Diastolic elastance ELVMIN 0.0900 0.550
Maximum systolic elastance ELVMAX 4.00 28.4
Unstressed volume VLVU 60.0 2.00
Systemic Intrathoracic arteries Elastance EITHA 1.43 7.76
circulation
Unstressed volume VITHAU 140 18.2
Extrathoracic arteries Blood flow inertia LETHA 0.000700 0.000200
Resistance RETHA 0.0600 0.120
Elastance EETHA 0.556 3.02
Unstressed volume VETHAU 370 48.1
Systemic peripheral Resistance RSP 1.00 2.00
vessels
Extrathoracic veins Resistance (to forward flow) RETHV 0.0900 0.180
Elastance EETHV 0.0169 0.0918
Unstressed volume VETHVU 1000 130
Intrathoracic veins Elastance EITHV 0.0182 0.0989
Unstressed volume VITHVU 1190 155
Right heart Right atrium Resistance to forward flow of RRAIN 0.00300 0.00600
the inflow tract
Tricuspid valve resistance RRAOUT 0.00300 0.00600
Diastolic elastance ERAMIN 0.0500 0.317
Maximum systolic elastance ERAMAX 0.150 0.63
Unstressed volume VRAU 30.0 15
Right ventricle Pulmonic valve and RRV 0.00300 0.00600
pulmonary artery resistance
Diastolic elastance ERVMIN 0.0570 0.348
Maximum systolic elastance ERVMAX 0.490 2.09
Unstressed volume VRVU 40.0 3.0
Pulmonary Pulmonary arteries Elastance EPA 0.233 1.27
circulation
Unstressed volume VPAU 50.0 6.50
Pulmonary peripheral Resistance RPP 0.110 0.220
vessels
Pulmonary veins Elastance EPV 0.0455 0.247
Unstressed volume VPVU 350 455

Units are as follows: heart rates, bpm; resistances, mm Hg - mL™' - s; elastances, mm Hg/mL; volumes, mL; inertia, mm Hg - mL ™' - s>

ESP — PTH
EMAX = ——— (A8)
ESV — UV

Note that in the calculation of these slopes, we use
the (average) intrathoracic pressure (PTH) as a refer-
ence, rather than 0 (atmospheric pressure). This can be
made plausible by observing that the unstressed vol-
ume occurs at a zero transmural pressure across the

ventricular wall, which requires a ventricular pressure
equal to the intrathoracic pressure. The atrial elastance
curves are identical to those proposed by Beneken (6)
and are parameterized as follows:

t
__ ) EMIN+(EMAX—EMIN) sin( 77— ) (0=t<Tas)
E(t) - {EMIN (otherwise) ( Tas> } (A9)

The minimum and maximum elastances are EMIN
and EMAX, respectively, and T, is the duration of the
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ventricular
pressure
A
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ESP \

DBP
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ESV EDV volume

EMIN
-‘—P ventricular
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Figure 4. Ventricular pressure-volume curve. A, Clinical variables:
end-systolic volume (ESV), end-diastolic volume (EDV), and end-
systolic and end-diastolic pressures (ESP and EDP). B, Model pa-
rameters: minimum and maximum elastances (EMIN and EMAX)
and unstressed volume. The dashed curve represents a situation
with identical parameters but reduced preload. SBP = systolic blood
pressure; DBP = diastolic blood pressure; UV = unstressed volume.

atrium systole. The ventricle systole starts at time T,
+ T,, after the initiation of the atrium systole, where
T,, represents the atrioventricular delay.

Beneken gives the duration of atrium and ventricle
systole as a function of heart period (HP) and a nu-
merical value for the atrioventricular delay (in sec-
onds):

T.,,=0.03 + 0.09HP

T,, = 0.01 (A10)

T, = 0.16 + 0.20HP

The resistances and unstressed volumes of selected
compartments depend on the baroreflex. The barore-
flex also affects heart rate and contractility (maximum
heart chamber elastance).

ANESTH ANALG
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The single receptor of the Wesseling and Settels
model for the baroreflex (8) is represented by a sig-
moid function of mean arterial blood pressure, with a
threshold of 50 mm Hg, saturation of 180 mm Hg, and
maximum sensitivity around the “resting pressure” of
100 mm Hg. The baroreflex part of the model has four
effector variables: heart rate, contractility, total periph-
eral resistance (TPR), and venous unstressed volume.
Parameter data for response gain, delay, and time
constant are presented by Ten Voorde (15).

For our study, we implemented a variant of this
model. To facilitate parameter estimation and manip-
ulation, we replaced the receptor function with a
piecewise linear function with a slope of 1 at the mean
arterial blood pressure in equilibrium. The slope is
dimensionless, resulting in an output of the receptor
function in millimeters of mercury. We maintained
the four effector variables, substituting heart period
for heart rate. Because our objective was to obtain a
realistic simulated response to phenomena such as
blood loss and pharmacologic interventions, but not
to study beat-to-beat heart rate variability, we main-
tained the gains but did not include delays or the
time constants of the response. Table 4 gives the
numerical values for the adult for the baseline
baroreflex effectors from Beneken (6), the absolute
baroreflex gains of the Wesseling and Settels model
in the units specified by Ten Voorde (15), and, for
later reference, the derived relative gains in percent-
age per millimeter of mercury.

In our model, the relative gain for the maximum
elastance of the left ventricle is applied to the output of
the receptor function, thus affecting the maximum elas-
tance of all four heart chambers. The baroreflex-
mediated change in the RSP (resistance of the systemic
peripheral vessels) parameter of the Beneken model (Ta-
ble 3) is such that the total peripheral resistance change
is equal to the relative gain. The relative gain for the
(total) unstressed volume affects the unstressed volumes
of both intrathoracic and extrathoracic compartments.

Appendix 2: Parameter Estimation for
Infant Cardiovascular Physiology

The following provides explicit documentation of the
steps taken for derivation of specific model parame-
ters for the infant.

Left Heart

From the clinical variables describing the left ventricle
(Table 2), assuming a left ventricular unstressed vol-
ume of 2.0 mL and an average intrathoracic pressure
of —3.25 mm Hg (16), the model parameters for the left
ventricle diastolic and maximum systolic elastances
were derived by using Equations A7 and A8. The
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Table 4. Numerical Values for the Adult Baroreflex Effectors and Gains

Baroreflex effector

Baseline value

Absolute gain Relative gain

Heart period 833 ms 16.6 ms/mm Hg 1.99% /mm Hg
Maximum elastance of the left ventricle 4.00 mm Hg/mL —0.0160/mL —0.40%/mm Hg
Total peripheral resistance 1.15mm Hg - mL"® —0.0270 s/mL —2.35%/mm Hg
Venous unstressed volume 2190 mL 27.0 mL/mm Hg 1.23%/mm Hg

assumed and calculated parameter values are listed in
Table 3. Aortic valve resistance, mitral valve resis-
tance, and left atrial inflow tract resistance were each
doubled with respect to the adult values. Left atrial
unstressed volume was decreased proportionally
from the adult value by comparison to the left ventri-
cle. The left atrial minimum and maximum elastances
were proportionally increased from adult values by
comparison to the left ventricle, because no data con-
cerning the infant atria were available.

Systemic Circulation

Systemic vascular resistance was a calculated value and
for an infant was equal to 10-20 mm Hg - L ™" - min - m?
(17). This value is a function of body-surface area and
was similar in infants and adults (18). Because of the
infant’s smaller body-surface area, its absolute value for
systemic vascular resistance was approximately twice
that of an adult. Accordingly, the infant parameters re-
sistance of the extrathoracic arteries and veins and of the
systemic peripheral vessels were obtained by multiply-
ing adult parameters by 2.

The literature provided a value of 0.46 mL/mm Hg
for the arterial compliance in infants (19). The adult
systemic arterial compliance in the Beneken model is
equal to (1/EITHA) + (1/EETHA) = 2.5 mL/mm Hg,
where EITHA and EETHA are the elastances of the
intrathoracic and extrathoracic arteries, respectively.
The ratio between pediatric and adult systemic arterial
elastance is therefore equal to 2.5/0.46 ~ 5.43. Infant
EITHA and EETHA were derived by proportionally
increasing these values from those of the adult by
using this ratio. The same ratio was used to derive the
elastance of the intrathoracic and extrathoracic veins.

Arterial and venous unstressed volumes were each
proportionally decreased from those of the adult
model on the basis of comparison of total blood vol-
umes for that of an infant (80 mL/kg) versus an adult
(70 mL/kg) (20). For an 8-kg infant and a 70-kg adult,
this leads to a proportionality constant of approxi-
mately 0.13. Note that this assumes a similar distribu-
tion of blood between arterial and venous circulations
in adults and infants.

The above-mentioned parameters were then incor-
porated in the model software to yield the first itera-
tion of vital signs for the uncontrolled left heart and
systemic loop of the infant cardiovascular system. The
blood flow inertia parameter was adjusted to optimize

the pressure wave form in the intrathoracic artery
compartment. Note that when this parameter is used
in such an empirical fashion, it should no longer be
referred to in terms of underlying physics.

Right Heart

In the infant, the end-diastolic volume (EDV) of the
right ventricle is approximately 1.5 times the EDV of
the left ventricle (21). We applied this ratio to the
unstressed volume going from the left to right ventri-
cle and did the same going from the left to the right
atrium. Right atrial and ventricle minimum and max-
imum elastances were derived by scaling the right
heart from adult to infant in the same way as the left
heart. As for the left heart, all right heart resistances
were multiplied by 2.

Pulmonary Circulation

We used a pulmonary peripheral vascular resistance
of 3.7 mm Hg-L™ ' min = 022 mm Hg-mL *'-s,
which is within the published range of 2.5-7.5 mm
Hg - L™" - min for pediatric patients (17). This value is
two times the adult value in the Beneken model
(1.83mmHg - L' - min = 0.11 mm Hg - mL™" - s) and
is therefore also consistent with changes made to the
systemic circulation. Elastance of the pulmonary ar-
teries and pulmonary veins were both derived by
increasing these values from those of the adult, pro-
portional to the increase in systemic arterial elastance.
Similarly, pulmonary arterial and pulmonary venous
unstressed volumes were both proportionally de-
creased from that of the adult model on the basis of
comparison of total blood volume for an infant versus
an adult. Note that with more numerical data on
changes in pulmonary vascular tone in infancy, the
value of this parameter may change.

The right heart and pulmonary circulation parame-
ters were then incorporated in the model software to
yield the first iteration of vital signs for the uncon-
trolled right heart and pulmonary loop of the infant
cardiovascular system. Two parameter changes were
made to correct a difference in right and left cardiac
output. Table 3 contains the corrected parameters.
Subsequently, we combined the two halves of the
circulation and simulated the full uncontrolled infant
system with the parameters summarized in Table 3.
Throughout the simulations, we maintained a con-
stant intrathoracic pressure of —3.25 mm Hg.



<
%)
L
0
—
<
Z
<
2
=
0]
L
am
—
1p)
L]
Z
<(

1664 PEDIATRIC ANESTHESIA GOODWIN ET AL.
MODELING INFANT CARDIOVASCULAR PHYSIOLOGY

Baroreflex

There are no published data for the baroreflex of a
6-mo-old infant. The parameters for the baroreflex
were therefore derived from published data concern-
ing the neonate (22). Drouin et al. (22) observed a
spontaneous baroreflex sensitivity in full-term neo-
nates of 10.23 ms/mm Hg to changes in systolic blood
pressure. At a heart period of 465 ms (heart rate of
129 bpm), this corresponds to a relative baroreflex
gain for the heart period of 2.2%/mm Hg. This relative
change is similar to that of the adult (Table 4). We used
the same relative gains as in the adult for all baroreflex
control effectors: heart period, contractility, peripheral
resistance, and venous unstressed volume.

J. S. Gravenstein and M. L. Good provided encouraging and guiding
comments for this study.
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