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Infant Circulation Model based on the Electrophysiological Cell Model
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Abstract—1It is important to use a myocardial cell model
to evaluate the effects of the drugs to the hemodynamic
parameters. We developed an infant circulation model which
incorporates an accurate myocardial cell model including a
beta adrenergic system. The beta adrenergic system is essential
mechanism for reproducing the response of baroreflex control
system. The parameters of the published adult human circula-
tion model were modified to fit the infant hemodynamic values.
The guinea pig myocardial cell model was introduced to the
circulation 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.

I. INTRODUCTION

To improve our knowledge on biological mechanisms,
quantitative and integrative studies of each biological ele-
ment are necessary. Despite the rapid advancement in the
accumulation of quantitative data from biological elements,
the integrated systems are still not well analyzed. The simu-
lation of complex biological models is of great importance,
due to its potential in the analysis of biological functions.
Biosimulation models are also expected to provide powerful
tools for medical education.

As a consequence of their complex physiology, obstetric
patients, neonates, and children often require rapid therapeu-
tic 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
essential physiological systems, we focused on constructing
a baseline cardiovascular simulation model for infants.

Goodwin et al. [1] presented an infant cardiovascular sim-
ulation model which integrates an autonomic nervous system.
However, the heart chamber model is based on a time varying
elastance model, for which the evaluation of the effects
on electrophysiological aspects of the myocardial cells is
difficult. Since the myocardial cell models are becoming
increasingly accurate, their incorporation into cardiovascular
models is unquestionably desirable.

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

II. CARDIOVASCULAR MODEL

The model is constructed from fundamental models de-
cribed in this section (Table I). Since the species and the age
of the subjects of each model is different from that of the
human infant, we modified the parameters and the structure
of each model.
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TABLE 1
LIST OF THE FUNDAMENTAL MODELS.

Element Model Species Reference
cardiac cell Kyoto model guinea pig [2]
left ventricle Laplace law
circulation Heldt model adult human [3]

control system  Heldt model  adult human [3]
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A. Myocardial cell and left ventricle model

The Kyoto model[2] is an accurate cell model which in-
corporates most of the known ion channels and transporters,
a mitochondrion as well as a contraction model. In addition,
it is the only model which incorporates a beta adrenergic
system. Since our model considers an autonomous nervous
system, we need to use a myocardial cell model which
includes a beta adrenergic stimulus system. The contractility
of the model is modified by the isoproterenol (ISP) concen-
tration (Fig.1).

Since 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 crossbridge 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.

For the left ventricle model the Laplace law was applied.
Denoting the wall thickness with &, the radius with R, the LV
pressure with P, and the myocardial cell force by F.,:, the
Laplace law is represented as 2F.,; /R = Py, /h [4]. Through
this equation, LV pressure and volume are connected to the
cell contraction force.

B. 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. Our study also used HUT to
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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. [3] is mathematically formulated in terms
of an electric analogous model with 12 compartments that
can represent the posture change (Fig.2). 10 compartments
representing the peripheral circulation show linear resistance
(R) and capacitance (C). The legs, splanchnic and abdomi-
nal venous compartments exhibit nonlinear pressure-volume
relations according to the following equation,

7T'CQ

Z'Aimaac
AV = —— . - 0
arctan 5 AV,

™

: APtrans) . (1)

AV represents the compartment volume change due to
change in transmural pressure APy.qns. AViqe represents
the maximum change in compartment volume and C' the
compartment compliance at baseline transmural pressure.

We modified the hemodynamic parameters of the Heldt
model to fit the infant circulation parameters. For this
purpose, a scaling method proposed by Goodwin et al. [1]
was employed. In their study, the adult human circulation
model proposed by Beneken et al. [5S] 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.

As initial compartment volumes, those used in the Heldt
model were applied. From these pressure values, the initial
compartment volumes can be calculated, resulting in the
initial total blood volume of 783.9ml which is slightly larger
then the physiological value of 640ml.

To simulate the tilt effect, we applied following bias
pressure to the lower three compartments in accordance with

[3].

Praz - sin(a(t))

Praz - Sin(amax)

to <t <to+ Lt

)
t > to + trie

P bias —
Here, tg and t4;; denote starting and ending time of the
tilt, aunq, denotes the final angle of the tilt and P4, the
maximum bias. We used 40.0, 7.0, 5.0 for the P,,,; of the
renal, splanchnic and legs compartment, respectively.

In the physiological experiment with a human adult, the
blood volume decreases by 600ml within 35 minutes [6].
This fact is modeled in the Heldt model as follows:

Vvtotal
AV =

(5700ml — AV) + AV -0.95"  (3)
600m! - sin(maz) 4)

In our model, we modified the above equation to fit the total
volume of 783.9ml.

‘/total =
AV

(783.9ml — AV) + AV - 0.9 (5)
78ml - sin(maz) (6)
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Fig. 2. Heldt circulation model. [3]
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Fig. 3. Block diagram of our control system.

C. Control model

In the Heldt model, 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 cardiac contractility (Cys) [3]. We
took over the same control system without any parameter
modifications. While cardiac contractility is controlled by the
maximum elastance parameter of the time varying elastance
model in the Heldt model, however, the contractility in
our heart model is controlled by the ISP concentration.
Thus, the control system was modified to represent the ISP
concentration.

First, we derived a transform function between the original
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Fig. 4. Pressure at left ventricle, artery and pulmonary vein in the resting
situation in supine position.

contractility control signal and the ISP concentration under
baseline heart rate of 150(bpm). An open loop control system
was created from the original Heldt model. By providing a
constant cardiac contractility control signal to this system,
we obtain a mean blood pressure. By providing several
control signal values, we obtain a relational function between
the cardiac contractility control signal and the mean blood
pressure. Subsequently another open loop control system was
created from the proposed model which incorporates our
Laplace heart and the cell model. By providing a constant
ISP concentration to the cell model, we obtain a mean
blood pressure. By providing several ISP concentrations, we
obtain a relational function between the ISP concentration
and the mean blood pressure. By deleting the mean blood
pressure parameter from these two functions, we obtained
the desired transform function from the cardiac contractility
control signal to the ISP concentration.

While cardiac contractility of the time varying elastance
model in the Heldt model is independent of heart rate,
however, cardiac contractility is affected by heart rate in the
real myocardial cell as well as in the myocardial cell model
applied in our study. Therefore, a cell force compensation
function for heart rate change was derived by measuring
the cell force under various heart rate. This compensation
function is applied to the contraction force of the cell model
and the resulting force is used as the contraction force of the
Laplace heart model.

The block diagram of our control system is shown in Fig.3.

III. EXPERIMENTAL RESULTS
A. Resting hemodynamics

Figure 4 shows the resulting pressure at the left ventricle,
systemic arteries and pulmonary vein in resting situation in
supine position. Table II demonstrates that the hemodynamic
parameters of the simulation results match the physiological
values from [7][8][9]. It took 50 seconds to simulate one
second of real hemodynamics with Pentium IV 3GHz PC.

B. HUT test

Using the constructed model a simulation experiment of
the HUT test was conducted. In the simulation, the tilt
angle was increased from O to 70 degree in 2 seconds.

1012

TABLE 11
HEMODYNAMIC PARAMETERS OF THE SUPINE POSITION AT REST AND
WITH NIFEKALANT.

Variable Target Simulation results  Nifekalant
Heart
HR(bpm) 115-145 150.6 150.7
LVEDV (ml) 17 27.1 27.2
LVEDP(mmHg) 5 6.08 6.58
LVESV(ml) 5 134 13.6
LVESP(mmHg) 82 88.0 87.8
CO(L/min) 1.2-2.0 2.07 2.06
Circulation
maxAP(mmHg) 70-110 87.1 86.9
minAP(mmHg) 50-65 54.3 54.2
CVP(mmHg) 3-12 1.8-3.2 1.8-3.2

HR: Heart rate, LVEDV: left ventricular end-diastolic volume,
LVEDP: left ventricular end-diastolic pressure, LVESV: left ven-
tricular end-systolic volume, LVESP: left ventricular end-systolic
pressure, CO: cardiac output, maxAP: maximum arterial pressure,
minAP: minimum arterial pressure, CVP: central venous pressure.

100

cl l (4)q
as)

E

£ N
2 \
6 i
- |

= i
5}

£

& i

120 140 160 180 200
Time(sec)
Fig. 5. Arterial pressure at HUT test.

The simulation results of arterial pressure and heart rate
are shown in Fig.5 and Fig.6, respectively. The tilt started
at 120 sec in Fig.5 and Fig.6. The typical parameters of
hemodynamic change during HUT are summarized in Table
IIT with the results reported in physiological experiments.
The results are in good agreement with the experimental data.

C. Effect of an IKr blocker to the hemodynamics

One of the important aim of incorporating the cell model
to the circulation model is to accomplish the evaluation of
the effect of drug to the hemodynamics. We used nifekalant
which is known as a pure IKr blocker, and the perme-
ability of the IKr channel was reduced to 50%. Resulting
hemodynamic parameters are shown in Table.Il. The results
show that there are very small differences in hemodynamic
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Fig. 6. Heart rate at HUT test.
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Fig. 7. Blood pressure of HUT test by Moss et al. [11]

parameters by applying nifekalant which is consistent with
the published experimental data [10].

IV. DISCUSSION

By means of the experimental results presented in section
III-A, we have verified that our simulation model reproduces
the physiological values of infant hemodynamics.

Due to the limitation of the experiments, infant cardiac cell
models are still under development. In spite of this situation,
the simulation experiments explained in section III-B showed
good agreement with experimental data published by Moss
et al. [11](Fig.7). They reported that the pressure decreases
within 2 to 9 seconds after the start of HUT, and recovers
within 4 to 30 seconds. The pressure pulse width changes
from 22 mmHg to 17 mmHg which is a 23% reduction.
Further, they reported that 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. Both results are close to
the experimental data stated above.

Edner et al. reported heart rate changes of a 45 degree
HUT test [12]. Their experimental results showed that heart
rate initially increases, but then decreases again and finally
recovers. Our simulation results again showed good agree-
ment with the experimental results.

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

From the experimental results in section III-C, nifekalant
has very small effect to the hemodynamic parameters. How-
ever, there are small differences in the LV volume and
the pressure between our results and experimental results..
Though the action potential prolonged after administration
of nifekalant, the Ca?* transient remained almost constant.
Since the contraction force is predominantly determined
by Ca?* concentration, the hemodynamic parameters de-
termined by the LV contraction force were not affected by
nifekalant. This kind of analysis is only available with the
circulation model which incorporates an accurate myocardial
cell model.

V. CONCLUSIONS

We developed an infant circulation model which incor-
porates an accurate myocardial cell model including a beta
adrenergic system. Our model showed good agreement with
the physiological experiments of resting hemodynamics,
HUT test and drug administration. This model may be

TABLE III
COMPARISON OF TRANSIENT RESPONSE OF HUT TEST TO
EXPERIMENTAL DATA.

Variables Unit Simulation  experiments
[6)) N 6.3 2-9[11]
2) s 17.6 4-30[11]
3) mmHg 32.7 22[11]
“) mmHg 232 17[11]
5) beats/min 150 132[12]
6) beats/min 169 150[12]

used to demonstrate the essential functions of the infant
cardiovascular dynamics. This kind of model could be a
valuable tool particularly in clinical and medical training.
Since the accuracy of the human adult cardiac cell models
are increasing, constructing a human adult hemodynamics
model will be our next work.

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

[1] Jane A. Goodwin, Willem L. van Meurs, Carla D. Sa Couto, Jan
E. W. Beneken, and Shirley A. Graves: A Model for Educational
Simulation of Infant Cardiovascular Physiology, International Anes-
thesia Research Society, Vol. 99, pp. 1655. — 1664, 2004.

[2] S. KURATOMI, K. ONO, S. MATSUOKA, N. SARAI and A.
NOMA: Role of individual ionic current systems in ventricular cells
hypothesized by a model study, Japanese Journal of Physiology,
Vol. 53, pp. 105 — 123, 2003.

[3] THOMAS HELDT, EUN B. SHIM, ROGER D. KAMM, ROGER
G. MARK: Computational modeling of cardiovascular response to
orthostatic stress, Journal of Applied Physiology, Vol. 92, pp. 1239 —
1254, 2002.

[4] D. Regen: Calculation of left ventricular wall stress, Circ. Res., 67,
pp 245-252, 1990.

[5] BENEKEN JEW, DEWIT B: A physical approach to hemodynamic
aspects of the human cardiovascular system. In: Reeve EB, Guyton
AC, eds. Physical bases of circulatory transport: regulation and ex-
change., Philadelphia: Saunders, pp. 1-45, 1967

[6] Hagan RD, Diaz FJ, and Horvath SM; Plasma volume changes with
movement to the upright position, J Appl Physiol, 45, 415, 1978.

[7]1 Pruitt AW and Gersony WM: The cardiovascular system. In; Behrman
RE, ed, Nelson textook of pediatrics. 14th ed. Philadelphia: Saunders,
pp. 1125-1227, 1992.

[8] Gregory GA: Monitoring during surgery. In; Gregory GA, ed, Pediatric
anesthesia. New York; Churchill Livingstone, pp 261 — 279, 1994.

[9] Graham TP Jr and Jarmakani MM; Evaluation of ventricular function
in infants and children, Pediatr Clin North Am, 18, pp 1109 — 1132,
1971.

[10] M. HAYASHI, K. TANAKA, T. KATO, N. MORITA, N. SATO, M.
YASUTAKE, Y KOBAYASHI, T TAKANO; Enhancing Electrical
Cardioversion and Preventing Immedeate Reinitiation of Hemodynam-
ically Deleterious Atrial Fibrillation with Class III Drug Pretreatment,
J Cardiovasc Electrophysiol, Vol. 16, pp.740-747, 2005.

[11] Arthur J. Moss, George C. Emmanouilides, Michelle Monset-
Couchard, and ertrand Marcano: VASCULAR RESPONSES TO
POSTURAL CHANGES IN NORMAL, NEWBORN INFANTS, PE-
DIATRICS, Vol. 42, pp. 250 — 254, 1968.

[12] A Edner, M Katz-Salamon, H Lagercrantz and J Milerad: Heart rate
response profiles during head upright tilt test in infants with apparent
life thereatening events, Archives of Disease in Childhood, Vol. 76,
pp. 27 - 30, 1997.

1013



	MAIN MENU
	Go to Previous Document
	CD-ROM Help
	Search CD-ROM
	Search Results
	Print

