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Abstract. We developed an infant circulation model which incorporates
an accurate myocardial cell model including a beta adrenergic system.
The beta adrenergic system is essential for the response reproduction of
the baroreflex control system. The proposed model was constructed by
modifying the parameters of a human adult circulation model with the
aid of a guinea pig myocardial cell model, whose baseline heart rate is
close to that of an infant. The presented model is in good agreement
with results obtained in physiological experiments.

1 Introduction

To improve our knowledge on biological mechanisms, quantitative and integra-
tive studies of each biological element are necessary. Despite the rapid advance-
- ment in the accumulation of quantitative data from biological elements, the
integrated systems are still not well analyzed. The simulation of complex biolog-
ical models is of great importance, due to its potency in the analysis of biological
functions. Biosimulation models are also expected to develop into powerful tools
for medical education.

As a consequence of their complex physiology obstetric patients, neonates,
and children often require rapid therapeutic intervention in the acute phase.
We believe that simulation models for these patients will be of significant use
in medical training. Since the cardiovascular system is one of the most essen-
tial physiological systems, we focused on constructing a baseline cardiovascular
simulation model for infants.

Goodwin et al. [1] presented an infant cardiovascular simulation model which
consists of four heart chambers and 6 compartments. The model also integrates
an autonomous nervous system, however, the heart chamber model is based on
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a time varying elastance model, for which the evaluation of the effects on elec-
trophysiological aspects of the myocardial cells is difficult. Since the myocardial
cell models are becoming increasingly accurate[2}, incorporation of the same into
cardiovascular models is unquestionably desirable.

In this paper, we propose an infant cardiovascular model which incorporates
such an accurate myocardial cell model.

2 Cardiovascular Model

Since our model considers an autonomous nervous system, we used a myocar-
dial cell model which includes a beta adrenergic stimulus system. The model is
constructed from elementary models decribed in this section(Tablel).

Table 1. Elementary models of proposed infant cardiovascular model

Element Model Species  Reference
cardiac cell Kyoto model guinea pig (3]
left ventricle Laplace law
circulation Heldt model adult human [4]

control system Heldt model adult human [4]

2.1 Myocardial Cell and Left Ventricle Model

The Kyoto model proposed by Noma et al was used for the myocardial cell
model. The Kyoto model is an accurate cell model which incorporates most of
the known ion channels and transporters, a mitochondria as well as a contraction
model. In addition, it is the only model which incorporates a beta adrenergic
system. The contractility of the model is modified by the isoproterenol (ISP)
concentration (Fig.1). Note that the Kyoto model shows a decrease in maximum
force and increase of minimum force when the heart rate increase (Fig.2).

For the left ventricle model the Laplace law was applied. Denoting the wall
thickness with h, the radius with R, the LV pressure with P, and the myocar-
dial cell force by Fey:, the Laplace law is represented as 2Fez:/R = P, /h [5)].
Through this equation, LV pressure and volume are related to the cell contrac-
tion force.

2.2 Circulation Model

In clinical tests, the head up tilt (HUT) is commonly used for both, adults
and infants, to verify the response of the baroreflex system. Likewise, in our
study, HUT was used to test the baroreflex. Accordingly, the circulation model
was considered to have several compartments, which account for posture
change. The human adult circulation model proposed by Heldt et al. [4] is
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Fig. 1. Relation between ISP concentration and maximum contraction force
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Fig. 2. Relation between RR interval and force

mathematically formulated in terms of an electric analogous model with 12 com-
partments that can represent the posture change (Fig.3). 10 compartments rep-
resenting the peripheral circulation show linear resistance (R) and capacitance
(C). The legs, splanchnic and abdominal venous compartments exhibit nonlinear
pressure-volume relations according to the following equation,

2 - AViq ™ C
AV = Tx - arctan (m; . APtmns) z (1)

AV represents the compartment volume change due to change in transmural
pressure APjans. AVpnar represents the maximal change in compartment vol-
ume and Cy the compartment compliance at baseline transmural pressure. An
additional control system built into the model maintains the blood pressure
which controls heart rate (HR), peripheral resistance (R), venous zero-pressure
filling volume (V) and heart contractility (Csys) [4].
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Fig. 3. Heldt circulation model. [4]

3 Construction of Infant Circulation Model

193

Since the species and the age of the subjects each model is based on is different
from that of the human infant, we modified the parameters and the structure of

each model.

3.1 Circulation Model Scaling

Since the baseline heart rate of infants is around 130-150(bpm), the myocardial
model was constructed by means of the Kyoto model at a baseline heart rate of
150(bpm). The only modification to the model was multiplication of the cross-
bridge sliding rate by 7.0, since the original value was determined for 25 degrees
room temperature, while the temperature of an infant is around 37 degrees.
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Fig. 4. Block diagram of control system

For the circulation model, we modified the hemodynamic parameters of the
Heldt model to fit the infant circulation parameters. Thereby, a scaling method
proposed by Goodwin et al. [1] was employed. In their study, the adult human
circulation model proposed by Beneken et al. [6] was adjusted to the circulation
of a 6 month old infant. Each resistance parameter is multiplied by 2.0, the
compliance parameter by 1/5.43 and zero-pressure filling volume by 0.13. The
same scaling factors were adopted for our model.

We used the Heldt model initial compartment pressures as initial compart-
ment pressures. From these pressure values, the initial compartment volumes
can be calculated, leading to the initial total blood volume of 783.5ml which is
slightly large compared to the physiological value of 640ml.

3.2 Control Model Modification

In the Heldt model, the heart function is controlled by its contractility and the
given heart rate. We took over the same control system without any parameter
modifications. However, in the Heldt model, heart contractility is controlled by
the maximum elastance parameter of their time varying elastance model, while
the contractility in our heart model is controlled by the ISP concentration. Thus,
the control system was modified to influence the ISP concentration. Additionally,
in the Heldt model, heart contractility is controlled independently from the heart
rate, which is in opposition to the real myocardial cell as well as the myocardial
cell model applied in our study. Consequently, deriving a transform function
between original heart contractility control signal and ISP concentration was
the first task.

An open loop control system was created using the original Heldt model and
the pressure input to the baroreceptor varied.In this way, the relation between
the heart contractility control signal and the mean blood pressure was deter-
mined. Subsequently an open loop control system using the Heldt model was
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Fig. 5. Pressure at left ventricle, artery and pulmonary vein in resting situation in
supine position

designed incorporating our Laplace heart model and the cell model. By chang-
ing the ISP concentration, the relation between the ISP concentration and mean
blood pressure was deduced. By deleting the mean blood pressure parameter
from these two functions, we obtained the desired transform function from heart
contractility control signal to ISP concentration.

Subsequently, a compensation function for the heart contractility which is
modified with the heart rate was derived. In the real cell, the relation between the
cell force and heart rate changes nonlinearly according to the ISP concentration.
However, in our model this relation is assumed to be independent of the ISP
concentration. The block diagram of our control system is shown in Fig.4.

4 Experimental Results

4.1 Resting Hemodynamics

Figure 5 shows the resulting pressure at the left ventricle, artery and pulmonary
vein in resting situation in supine position. Table 2 demonstrates that the hemo-
dynamic parameters of the simulation results match the physiological values
from [7](8](9)].

4.2 HUT Test

Using the completed model a simulation experiment of the HUT test was con-
ducted. To simulate the tilt effect, we applied following bias pressure to the lower
three compartments in accordance with [4].

(2)

Poins = Praz - Sin(a(t)) to <t <tg+tri
“ Pz - sin(@maz) t > to + trine
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Table 2. Hemodynamic parameters in the supine position at rest

Variable Target Simulation results
Heart
HR(bpm) 115-145 150
LVEDV (ml) 17 27.1
LVEDP(mmHg) 5 6.08
LVESV(ml) 5 13.4
LVESP(mmHg) 82 88.0
CO(L/min) 1.2-2.0 2.0
Circulation
maxAP(mmHg) 70-110 87.1
minAP(mmHg) 50-65 54.3
CVP(mmHg) 3-12 1.8-3.2

HR: Heart rate, LVEDV: left ventricular end-diastolic volume, LVEDP: left ventricular
end-diastolic pressure, LVESV: left ventricular end-systolic volume, LVESP: left ven-
tricular end-systolic pressure, CO: cardiac output, maxAP: maximum arterial pressure,
minAP: minimum arterial pressure, CVP: central venous pressure.
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Fig. 6. Arterial pressure at HU'T test

Here, ty and t.;; denote starting and ending time of the tilt, a;q, denotes the
final angle of the tilt and P,,, the maximum bias. We used 40.0, 7.0, 5.0 for
the Pha. of the renal, splanchnic and legs compartment, respectively.

In the physiological experiment with a human adult, the blood volume de-
creases by 600ml within 35 minutes [10]. This fact is modeled in the Heldt model
as follows:

Viotal = (5700ml — AV) + AV - 0,970 (3)
AV = 600ml - sin(Qmaz) (4)
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Table 3. Comparison of transient response to HUT test with experimental data

Variables  Unit  Simulation experiments

1) s 6.3 29
(2) s 17.6 4—30
(3) mmHg 324 22
(4) mmHg 23.2 17
(5)  beats/min 150 132
(6)  beats/min 169 150
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Fig. 7. Heart rate at HU'T' test

In our model, we modified the above equation to fit the total volume.

Viotal = (783.9ml — AV) + AV - 0.9°5 (5)
AV = 78ml - sin(tmaz) (6)

In the simulation, the tilt angle was increased from 0 to 70 degree in 2 seconds.
The tilt starting time was at 120 seconds. The resulting arterial pressure, heart
rate are shown in Fig.6, Fig.7. The resulting features of the hemodynamics are
shown in Table 3 in comparison with results gained in physiological experiments.
The results are in good agreement with the experimental data.

5 Discussion

By means of the experimental results presented in section 4.1, we have verified
that our simulation model is suitable to reproduce the physiological values of
infant hemodynamics.

The simulation experiments explained in section 4.2, showed good agreement
with experimental data published by Moss et al. [11](Fig.8). They reported that
the pressure decreases within 2 to 9 seconds after the start of HUT, and recovers

-226 -



198 Y. Nobuaki et al.

2100
2 60
S 40 )
= 20 Vertical Horizontal tilt
L i }
132 150 135

Hcart Rate

Fig. 8. Blood pressure of HUT test by Moss et al. {11]

Heart rate(beats/min)
g .
-7
a
e
—

0 50 100
Time(sec)

Fig. 9. Heart rate of HUT test by Edner et al. [12]

within 4 to 30 seconds. The pressure pulse width changes from 22 mmHg to 17
mmHg, which equals a 23% decrease. Further, they reported that the heart rate
increases from 8 to 38 bpm which equals an 14% increase. Our simulation result
showed 29% decrease of the pressure pulse width and 14% increase of heart rate,
which is significantly close to the experimental data stated above.

Edner et al. reported the heart rate change when using a 45 degree HUT
test [12](Fig.9). Their experimental results showed that the heart rate initially
increases, but then decreases again and finally recovers. Also in this case, our
simulation results were in good agreement with the experimental results.

From the above, we conclude that our circulation model and control model is
capable to simulate the infant hemodynamics not only at resting position but
also its response in a HUT test.

6 Conclusions

We developed an infant circulation model which incorporates an accurate my-
ocardial cell model including a beta adrenergic system. The beta adrenergic
system is essential in order to reproduce the response of the baroreflex control
system. Our model showed good agreement with the physiological experiments.
This model may be used to demonstrate the essential functions of the infant
cardiovascular dynamics. Especially in clinical and medical training this could
be a valuable tool.

-227-



A Model for Simulation of Infant Cardiovascular Response 199

Acknowledgement

The authors would like to express sincere thanks to Dr. Y. Shimizu, Kyoto Univ.,
for English proofreading. This work was supported by the Leading Project for
Biosimulation, MEXT.

References

ot

10.

11.

12.

. Goodwin, J.A., van Meurs, W.L., Sa Couto, C.D., Beneken, J.E.W., Graves, S.A.:

A Model for Educational Simulation of Infant Cardiovascular Physiology. Interna-
tional Anesthesia Research Society 99, 1655 (2004)

. Faber, G., Rudy, Y.: Action Potential and Contractility Changes in [Na+]i Over-

loaded Cardiac Myocytes: A Simulation Study. Biophys J. 78(5), 2392-2404 (2000)

.KURATOMIS,ONO, K, MATSUOK A,S., SARAL N., NOMA,

A.: Role of individual ionic current systems in ventricular cells hypothesized by a
model study. Japanese Journal of Physiology 53, 105-123 (2003)

HELDT, T., SHIM, E.B., KAMM, R.D., MARK, R.G.: Computational modeling
of cardiovascular response to orthostatic stress. Journal of Applied Physiology 92,
1239-1254 (2002)

. Regen, D.: Calculation of left ventricular wall stress. Circ. Res. 67, 245-252 (1990)
. JEW, B., DEWIT, B.: A physical approach to hemodynamic aspects of the hu-

man cardiovascular system. In: Reeve, EB., Guyton, AC. (eds.) Physical bases of
circulatory transport: regulation and exchange. Philadelphia: Saunders, pp. 1-45
(1967)

. Pruitt, AW., Gersony, WM.: The cardiovascular system. In: Behrman RE, (ed.)

Nelson textook of pediatrics. 14th ed. Philadelphia: Saunders, pp. 1125-1227 (1992)

. Gregory, GA.: Monitoring during surgery. In: Gregory, GA. (ed.) Pediatric anes-

thesia. New York: Churchill Livingstone, pp 261 ~ 279, (1994)

. Graham Jr., TP., Jarmakani, MM.: Evaluation of ventricular function in infants

and children. Pediatr. Clin. North Am. 18, 1109-1132 (1971)

Hagan, R., Diaz, F., Horvath, S.: Plasma volume changes with movement to the
upright position. J. Appl. Physiol. 45, 415 (1978)

Moss, A.J., Emmanouilides, G.C., Monset-Couchard, M.: Vascular Responses to
Postural Changes in Normal, Newborn Infants. Pediatrics 42, 250-254 (1968)
Edner, A., Katz-Salamon, M., Lagercrantz, H., Milerad, J.: Heart rate response
profiles during head upright tilt test in infants with apparent life thereatening
events. Archives of Disease in Childhood 76, 27-30 (1997)

-228 -



Extended Summary

AL pp.1928-1936

DynaBioS: A Platform for Cell/Biodynamics Simulators

Takao Shimayoshi Member (ASTEM Research Institute of Kyoto)

Kenta Hori Non-member
Jianyin Lu Non-member
Akira Amano Non-member
Tetsuya Matsuda Non-member

Akinori Noma Non-member

(Leading Project for Biosimulation, Kyoto University)
(Leading Project for Biosimulation, Kyoto University)
(Graduate School of Infomatics, Kyoto University)
(Graduate School of Infomatics, Kyoto University)

(Graduate School of Medicine, Kyoto University)

Keywords: biological simulation, development platform, myocardial tissue, heart motion, excitation propagation

Biological simulation has become an important technol-
ogy in biological research. For the analysis of complicated
biological processes multi-domain simulation techniques are
essential. In addition, due to the continuing advances in
various related areas, simulation models are subject to con-
tinuous modifications. However, many existing biosimulators
are implemented in a monolithic software architecture which
is constructed using a combined model of all concerning do-
mains and thus leads to high developing costs. To improve
this situation, we propose a novel biosimulator development
platform, the Dynamic Biosimulator System (DynaBioS).

The targets of the biosimulator involve complicated inter-
actions among different domains, while each interaction itself
is rather sparse. Based on these characteristics, in DynaBioS
biological activities are simulated as interactions among soft-
ware components, each of which is a sub-simulator of a sin-
gle phenomenon and exchanges event messages with others.
Each simulator system is composed of a system core and
components. The system core consists of a simulation con-
troller and a model manager (Fig.1). The simulation con-
troller manages the sequence of the system operations that
are defined in a simulation scenario. The model manager
maintains the simulation data followed by the definition of a
model object. The simulation scenario and the model object
are coded by the user with the help of functions provided by

Simulation Model
scenario object
T I

System core

Simutation Data Mode!

controller "]  manager
Control/ data

System System
component component

Fig.1. System structure of DynaBioS
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the DynaBioS system. Component specific functions can be
implemented on the standard interface. It allows easy imple-
mentation of components by using existing software products
with a simple wrapper.

We have successfully implemented a cell physiology sim-
ulator component, a structural mechanics simulator compo-
nent, a 3D visualization component and several others using
the DynaBioS platform. Then, simulation systems for the
contraction of myocardial tissue, for the wall motion of the
left ventricle, and for myocardial excitation propagation were
constructed efficiently. Several components could be imple-
mented at remarkably low developing cost by wrapping ex-
isting sophisticated software products.

The main feature of DynaBioS, the independent simulation
of a phenomenon by each component, allows for collabora-
tive implementation of a simulation system by researchers
in different domains. Furthermore, easy replacement of each
component model dealing with a phenomenon is enabled.
This platform considerably reduces the costs in the develop-
ment of simulators, by implementation of components using
existing software, and by reuse of components. Although the
over-head of the component-based architecture is large com-
pared to that of a monolithic architecture, the results of an
evaluation experiment (Table 1) show that the over-head of
DynaBioS are about 3% what is sufficiently small.

Table 1. Measuring results of the system overhead

num. of elem. || over head (ms) | calculation (ms)
100 28.7 983
200 52.6 1940
400 118.4 3960
800 244.6 8005
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Biological simulation has become an important technology for biological research. Though multi-domain
simulation technique is required for analysis of complicated biological activities, multi-domain biosimuator
system tends to be very complicated and so requires a high developing cost. To improve this situation, we
propose a biosimulator development platform, DynaBioS, which can handle complex interactions between
phenomena in different domains, such as electrophysiology and mechanics. A biosimulator system is composed
of components, each of which is a sub-simulator of a phenomenon, and exchanges event messages to each
others as the interaction of the phenomena. This design allows easy replacement of a model for a phenomena
by interchanging a corresponding component. This platform reduces costs to develop simulators, by imple-
mentation of components by wrapping existing software products, and by reuse of components. Examples of
developed simulators are given to show that this platform facilitates the development of biosimulators.
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Fig.1. The system structure of DynaBioS
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Table 1. List of system core providing functions

Name Function

allocateComponent | allocate a new component

releaseComponent | release a allocated component

getModel retrieve the model object
sendMessage send a message syncronously
postMessage send a message asyncronously
processMessage process a received message
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Table 2. Command list of cell physiological simu-
lator component

Command Transmit data Response data
Set model

Stepwise execution

a model description file

Get variable values | variable names variable values

Set variable values | variable names and values

Quit
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tion propagation
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Fig.5. A screenshot of the simulation system for
wall motion of left ventricle
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Fig.6. A simulation system for contraction of my-
ocardial tissue
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Table 3. Measuring results of the system overhead

structural mechanics simulator
elements || system core [ms] | wrapper {ms} | MSC.Marc [ms]}
100 28.4 0.26 983
200 52.1 0.50 1940
400 116.1 2.26 3960
800 242.8 1.82 8005
MSC.Marc ——
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Fig. 7. Measuring results of the system overhead
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