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SUMMARY

In order to evaluate health risks under sever thermal environments, we are developing a new
human model that can predict BP and BFR, as well as body temperature. In this study, we
developed one of the sub-models for our human model, i.e. autonomic regulation model,
which predicts human responses on vasomotor and cardiac activities for thermoregulation and
baroreflex. We also conducted some simulations by using the autonomic regulation model
combined with our previously developed model of cardiovascular system. The results showed
that the simulations reproduced reasonably the actual BP and BFR under four different
thermal and postural conditions, i.e. 18°C, 28°C, 40°C-supine and 28°C-standing. Only in the
18°C-supine case, there was a substantial problem on the BP simulation, however, it will be
solved by the incorporation of more precise vasomotor activity.

KEYWORDS

Thermal environment; Health risk; Human model; Blood pressure; Blood flow rate

1 INTRODUCTION

Severe thermal environments can cause human health problems, such as heat illness, cerebral
stroke, and heart attack, and the incidence of these health issues is increasing as the population
ages in Japan (Ministry of the environment government of Japan, 2018; Tokyo metropolitan
institute of gerontology, 2013). In the characterization of these health issues, changes in the
body temperature, blood pressure (BP), and blood flow rate (BFR) are the key factors. In
addition, these health problems are affected not only by thermal environments, but also by
individual behaviors (posture and activity level), physical constitutions (size, composition),
and predispositions (pre-existing disorder, age, gender, heredity). In other words, the risks of
these health problems are attributed to the combined effect of the abovementioned factors.

Numerical simulation with human thermophysiological models is a useful method to evaluate
the health risks induced by severe thermal environments and to perceive the mechanisms of
occurrence of such health problems. However, the BFR predictions in the existing models are
not based on direct measurements of BFR and not validated sufficiently, because those
models were developed mainly for body temperature predictions. Moreover, the existing
models cannot predict BP, because the vessels in those models are neglected or do not
represent the actual vessel configurations. Thus, there are no models presently available to
predict BP and BFR.



For the above reasons, we have been developing a new human model, which can predict not
only body temperature, but also BP and BFR (Figure 1). In our previous studies, we had
developed the physical models, i.e. thermal network model and cardiovascular model
(Sakamoto et al., 2015; Goto et al., 2017; Goto et al., 2018). In the present study, we
developed a part of the autonomic regulation model such as vasomotor and cardiac activities
for thermoregulation and baroreflex. In addition, we conducted simulations under four
different thermal and postural conditions by using the autonomic regulation model combined
with the cardiovascular model.
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Figure 1. Schematic of new thermophysiological human model

2 METHODS

2.1 CARDIOVASCULAR MODEL

Our cardiovascular model was developed based on Liang et al. (2009). As shown in Figure 2,
the model consists of a one-dimensional (1-D) model and lumped parameter (0-D) model. The
1-D model describes the blood flow phenomena in an arterial tree. The arterial tree in our
model consists of 69 arteries. The 0-D model describes the blood flow phenomena in the
remaining cardiovascular system, i.e., peripheral circulations, venae cavae, heart, and
pulmonary circulation. The typical peripheral circulation in our model is shown in Figure 3.
Basically, each segment is represented by the viscosity resistance (R), inertial resistance (L),
and compliance (C). The heart and pulmonary circulation in our model are shown in Figure 4.
The governing equations of the cardiovascular model are shown in Table 1.

The quantitative values for the model parameters should be altered according to the individual
characteristics and physiological states of the target human. We defined the physiological
state under the thermally neutral and supine condition as “basic physiological state”, and also
defined the setting of the model parameter values for the basic physiological state as “basic
parameter setting”. Therefore, individual characteristics can be taken into account by making
differences in the basic parameter setting, and changing physiological state can be reflected as
the adjustment of the values from the basic parameter setting. In the present study, the basic
parameter setting was determined based on the measurements in our previous studies
(Sakamoto et al., 2015; Goto et al., 2017; Goto et al., 2018).
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Table 1. Equations of cardiovascular model
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2.2 AUTONOMIC REGULATION MODEL

In the present study, we dealt with only vasomotor and cardiac activities, although our
autonomic regulation model should predict the responses on perspiration and heat production
as well. The vasomotor and cardiac activities occur not only for body temperature control but
also for blood pressure control. Thus, we developed the autonomic regulation model to
simulate both of these controls.

It is known that arterioles play the main role of the vasomotor activity for thermoregulation.
Thus, we applied the equations in Table 2 to describe the relationship between the viscosity
resistances (R) of arterioles and thermal stress signals. Thermal stress signals S7R/C' and
DILAT are the integrated signals of whole body, which are calculated from head core and skin
temperatures in the same manner as Stolwijk (1971). The coefficients Bsuic; and Baiar; are
specific values of each arteriole. Theoretically, R is inversely proportional to the square of



vessel cross-sectional area, while inertial resistance (/) and compliance (C) are inversely and
directly proportional to the cross-sectional area, respectively. Therefore, the L and C of each
arteriole were considered to vary as described in Table 2. It is also known that arteriovenous
anastomoses (AVAs) in hands and feet pass large amount of blood from arterioles directly to
venules when body temperature is high. Since the AVAs activity can be translated into the
changes in the resistances (R) of capillaries and venules, the same equation as arterioles was
applied to the capillaries and venules only in hands and feet.

Changes of BP are caused by the vasomotor activities of thermoregulation, and more
obviously by posture changes. The autonomic nerve system maintains the BP close to the
normal level, which is known as baroreflex. The changes of BP are detected by baroreceptors
that are mainly located in the wall of carotid sinus and aortic arch (Guyton and Hall, 2005).
When a decrease in BP is detected by them, the central nerve system induces a decrease in the
venous system volume, an increase in the heart rate and cardiac contractility, and an increase
in the arteriole resistance. When an increase in BP is detected, vice versa. In order to prevent
the complexity of the model, only the baroreflex responses of venous system and heart were
considered in the present study. The vasomotor activities of venous system can be translated
into the changes of the compliance (C), and the changes of the cardiac contractility can be
translated into the changes of the active elastance (£.4). Thus, we applied the equations in
Table 2 to describe the relationships between the BP and baroreflex responses.

Table 2. Equations of autonomic regulation model (vasomotor and cardiac activities)
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2.3 SIMULATION

In order to validate the autonomic regulation model, some simulations were conducted by
using this model combined with the cardiovascular model. The simulated cases were selected
as shown in Table 3, which corresponded to the experimental cases in our previous studies
(Sakamoto et al., 2015; Goto et al., 2017; Goto et al., 2018). For these simulations, body
temperatures were directly given according to the measured values in the experiments, instead
of the simulated values by using the thermal network model. The coefficients in the
autonomic regulation model were determined by tuning to reduce the gaps between simulated
and measured values.

Table 3. Simulation cases

Case Air temperature  Posture RH Air velocity Clothing
and MRT (not controlled) insulation

28°C-supine (basic)  28°C Supine 41+19%

18°C-supine 18°C Supine 50+£9%

<
40°C-supine 40°C Supine 29+7% 0-lm/s 006 clo

28°C-standing 28°C Standing 32£11%




3 RESULTS AND DISCUSSIONS

Figure 5 shows the comparisons between the measured and simulated values of arterial BFR
and cardiac output. Most of the simulated values agreed well with the measured values, and at
least all simulated values reproduced the trend of the BFR changes.

Figure 6 shows the comparisons between the measured and simulated BP. In the 18°C-supine
case, the simulated BP in upper arm was lower than the measurement, and almost identical to
the BP in the basic case. This discrepancy was possibly caused by that the simulation
considered only the constriction of arterioles for the vasomotor activity for thermoregulation.
Even though the arterioles are the main effector controlling BFR, it is generally considered
that sympathetic stimulation arising from body cooling causes the constriction of venous
system as well as arterioles (Guyton and Hall, 2005). The constriction of venous system
should decrease their compliances; thus, the simulated BP can be improved by incorporating
such responses into our model. On the other hand, another discrepancy was found in the
systolic BP at ankle in the 40°C-supine. It was caused by that the simulated BP at ankle, i.e.
the BP at posterior tibial, was much affected by the frictional pressure loss in the artery due to
high blood flow velocity, although the actual blood flow during BP measurement was
impended by a cuff. Figure 7 and 8 show the examples of time variations of simulated BP.
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Figure 5. Arterial BFR and cardiac output BP in 28°C-supine (basic) case
—Left ventricular ~ ===Ascending aorta
=0=Systolic (measured) =O=Diastolic ( ) —#=Systolic (simulated) —m-Diastolic (simulated) Common carotid ——Brachial

? 260 E‘ 260 /é ——Abdominal aorta V=—Posterior tibial

E 220 E 220 180

E E // =

@ 180 © 180 T E

2 2 I—"ﬁw E 120 e N

2 140 4 140 )

=l =} wy

8 100 g 100 g

= o =2 = & 60 A

E 6 | g—a— g— 2 60 3 /

o [

g 20 . . . < 20 ' ' ' @ 0

o oy ) T T T T T

> z\?z‘* c‘,ﬁ& c""Q\& @(i*@ z@@\a\ u"@& UQ,Q‘& @0&&’ 000 025 050 075 100 125 150

) = . s &= i
ud,ﬁ*\ 3 8 q?_’g, -UQ)Q\Q K 8 »\‘3;(-' Time [s]

® » Figure 8. Time variation of simulated
Figure 6. BP at upper arm and ankle BP in 40°C-supine case
4 CONCLUSIONS

We developed a part of the autonomic regulation model such as vasomotor and cardiac
activities for thermoregulation and baroreflex, and combined with our cardiovascular model.
By comparing with the measurements, we found that the developed model could reasonably



simulate the BP and BFR under four different thermal and postural conditions. Only in the
18°C-supine case, there was a substantial problem on the BP simulation, however, it will be
solved by incorporation of more precise vasomotor activity.
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6 NOMENCLATURE
A cross-sectional area of artery (=mr%) [m?] P blood pressure [Pa]
Ao cross-sectional area of artery at reference state (P = Par mean BP of carotid sinus and aortic arch [Pa]
0) [m?] (0] blood flow rate [m?/s]
B Bernoulli’s resistance of cardiac valve [Pa-s%/m®] R viscosity resistance [Pa-s/m’]
BARO  baroreflex signal r radius of artery [m]
Bparoa  coefficient of baroreflex ability (= 1.6) 4] radius of artery at reference state (P = 0) [m]
Bbaros  coefficient of sensitivity to BP change (= 0.5) S viscoelastance [Pa-s/m’]
Baitari  coefficient of vasodilatation ability of segment i STRIC integrated thermal stress signal for vasoconstriction
Bswici  coefficient of vasoconstriction ability of segment i t time [s]
C compliance [m*/Pa] Ter head core temperature [°C)
Ceon, Scon coefficients of sensitivity to body temperature Tu mean skin temperature [°C]
change for vasoconstriction (= 1.0, 1.0) v vascular volume [m?]
Cait, San  coefficients of sensitivity to body temperature VASO; vasomotor signal for segment i
change for vasodilatation (= 15.6, 1.0) x axial coordinate [m]
DILAT integrated thermal stress signal for vasodilatation 5 boundary layer thickness [m]
E Young’s modulus of artery [Pa] v kinematic viscosity of blood [m?/s]
Eo zcm-\«"nlumc elastance of pulmonary circulation P density of blood [kg/m’]
[Pa_!m-‘] . o Poisson’s ratio of artery (=0.5) [ND]
Ex active elastance of heart [Pa/m’] @ volume constant of pulmonary circulation [m?]
Ep passive elastance of heart [Pa/m?] Subscripts
e(n) normalized time-varying elastance of heart [ND] basic basic physiological state (thermally neutral and
g gravitational acceleration [m/s?] supine condition)
H relative height [m] dw  downstream segment adjacent to target segment
h vessel wall thickness [m] i target segment
HR heart rate [beat/s] set setpoint
L inertial resistance [Pa-s*/m’] up upstream segment adjacent to target segment
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