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SIMULATING OF HUMAN PHYSIOLOGICAL SUPERSYSTEMS:
INTERACTIONS OF CARDIOVASCULAR, THERMOREGULATORY
AND RESPIRATORY SYSTEMS

A special quantitative model of the human thermoregulatory system (MT) functioning with cardiovascular and
lung systems is created. These systems form a physiological super-system (PSS). For a naked or cloth human,
algorithms provide designing of scenarios including simulation of either short-time or long-time (hours or days)
observations. Input data include different combinations of environmental variables (air or water temperature,
air humidity, wind or water flow speed, light intensity), as well as designing of dynamics for certain biological
characteristics (rate of heat production including its components associated with metabolism and ATP molecules
leasing during mental and physical activities). The human body consists of three compartments — core, blood,
and skin. Dynamic output data include blood, hypothalamic, and skin temperatures, hemodynamic parameters
(heart rate, cardiac output, regional blood flows, vascular resistances, blood pressures, and regional blood vol-
umes), and lung ventilation. Using associations of dynamics of day/night light intensity with concentrations of
serotonin and melatonin hormones, a model for biological heat production rate dynamics is proposed. Currently,
the PC-based simulator is autonomous C+ software. Its users can be both student-medics and physiologists in-
terested in providing theoretical research. Shortly, this simulator has to be widened by models of kidneys and
liver-pancreas interaction mechanism.
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Introduction

Human organs and certain anatomi-
cal-functional systems (AFS) form very com-
plex functional systems known as physiologi-
cal super-systems (PSS). The general concept
of human PSS [1-3] explained deep cellular
mechanisms that determine cells interaction
for dynamic providing of every AFS’s opti-
mal parameters. However, traditional empiric
physiology possesses not by research technol-
ogies capable of establishing the main quan-
titative laws ruling the functionalities of PSS.
Potentially, mathematical models could help in
solving of this problem. However, almost all
models were created for solving specific par-
tial problems therefore they not concern the
problem of PSS. To fill this methodological
gap in, we are consequentially creating proper
mathematical models and computer simulators
[4-7]. Their main novelty is in combining of
multi-level physiological mechanisms for ex-
plaining of organism-scale adaptive physio-
logical responses to environmental alterations.
In fact, this approach also creates potentials for
explaining mechanisms that determine the dy-
namic multi-parametric shape of human physi-
cal health (HPH). Such a theoretical fundament

is extreme necessary for the individualization
of the medical assessment of HPH.

The goal of this article is to present our
latest development that made possible theoret-
ical investigations of human thermoregulatory
system under unpredictable challenges from a
certain AFS namely, from the cardiovascular
system (CVS) and lung system.

Mathematical model
of thermoregulatory system

The model of CVS is presented in [6,7],
thus there is no necessity for its de-scription
in detail. Perhaps, it is sufficient to note that
our CVS-model currently is the most complex
model, including in it both mechanisms of cir-
culation’s acute control and mechanisms that
determine the long-term parameters of CVS.
As to our model of the thermoregulatory sys-
tem (MT), the main reason for its creation was
that despite a lot of such models (for example,
[8-14]), MT should be compatible with our
other models.

For solving our problems in the frame
of human PSS, it is sufficient to have an MT
containing three body compartments: a core
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(it represents muscle, subcutaneous tissue, and
bone), skin, and blood.

The most distinguishing sign of every
PSS is that it functionally integrates multiple
AFS. The extreme necessity in novel models is
conditioned with the practical impossibility to
provide quantitative empirical research of
complex and multi-level mechanisms govern-
ing the interaction of multiple HPSS in physi-
ological or pathological conditions. At the
same time, it is clear that often complex pathol-
ogies appear because of inadequate function-
ing one or more functional chains of PSS. So,
an alternative — simulative research of human
PSS is highly encouraged.

In parallel with the creating of novel
models, several models created in the frame of
the traditional methodology can be re-vised in
the light of the PSS concept. Our current pub-
lication presenting such an approach illustrates
both the modeling technology and the main
problems arising under its application to mod-
els published earlier [6,7]. These publications
were chosen because AFSs of this PSS repre-
sent organs and systems that are external pro-
viders of cellular metabolism. As to its intra-
cellular optimizers, briefly described in [1]
(only the energy aspect), we intend to create a
special model that has to include also those nu-
clear mechanisms that are under cytoplasm-re-
leased adaptation factors. In fact, namely,
these factors increase/decrease the expression
of genes in specific sites of DNA.

Special software does provide both
tunings of models and all procedures ac-com-
panying a wide range of their simulation re-
search. Such work is too big to be made within
a usual short-term research project and de-
scribed in a usual research article. Therefore,
we are publishing each interim developmental
result that can also be an autonomous unit-
software.

This publication represents MT inter-
action with models of CVS and LV.

Principles for modifying the earlier cre-
ated software in order to incorporate MT in it
are additionally described. The final purpose
of this multi-stage developmental project is to
provide physiologists-researchers with modern
computer-based information technology with
dual goals. The first goal is simulation research
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of human certain complex PSSs. The second
goal is to provide professors and medical stu-
dents with a modern specialized visualization
technology capable of helping future medics to
better understand the physiological basis of
non-trivial pathologies.

Short description of MT

A quantitative model pretending to
simulate certain biophysical and physiologi-
cal events concerned with human ther-moreg-
ulation, must deal with dynamics of heats both
generation and conduction (dissi-pation). In
the human body, immersed in a non-stable en-
vironment mean rates of heat generation

(v, (#) ) and heat transfer (v,(f) ) permanently
alter. So, dynamics of the body heat ( H(¢) ) is

commonly described by a differential equa-
tion:

dH
mc——=v_(t)—v.(1).
= (D)= (1)
where m is the body mas while a specific heat
ofc characterizes alteration velocity.

By solving this equation, one can see
that within every time interval of 7 :

t
H(z) = H(t,)+me [ v, ()=, (£))dt
-7
In statics, a mean value of body tem-
perature (7, ) is calculated as7,, = H /m . But

different structures of the human body have
their individual mas and parameterc .

A summary heat H,(f) of the human
body is formed of two independent sources —
biological H,(?), and external H,(¢).The last
one is proportional to air temperature, while
H,(¢) has its independent sources explained
further.

H,(t)1s resulted in four independent
heat generators: 1) exothermic chemical trans-
formations accompanying metabolism H,,(¢);
2) life events providing organism’s functional
integrity H,(7); 3) life events providing hu-
man mental activity H" (¢); and 4) life events
providing human physical activity Hy (7).
Three last heats resulted from the leasing of
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ATP molecules as the main energy source for
providing biological works. Their importance
in entire body thermodynamics becomes clear
when accentuating the following facts: 1) about
40-60 % of the energy released during one
ATP molecule is dissipated in the form of heat;
i1) the total amount of everyday synthesis
(leasing) of ATP 1is about 50-55 kg.
H,(t)=b-H, ()+b,-H, (t)+b,- H" (¢)
+b,-H, (1),

In the last equation, the three last com-
ponents depend on the power of every activity
thus coefficients b, —b,are approximated for
physiological rest conditions only.

Heat conduction between compart-
ments is provided by radiation, convection,
and evaporation (for lung and skin). MT oper-
ates with fourth temperatures: core —7;(¢),

blood -7} (¢) , skin — T{'(¢) , and environmen-
tal —7°4(¢).T2(¢)1is resulted of H,(¢f) and
heats taken from the neighbors (blood and skin
compartments). By analogy 7 (¢) is resulted of
TZ(t),T,(¢), and T (¢) . As toTy (t), its pro-
viders are77(¢),T;(t), and7°4(¢). So, to
model the dynamics of these variables, their re-

lationships should have been formalized. Be-
low the formalizations are presented:

d;c :/Ile _/ILHév +/12(Tco _TBO)

+A4,(T2 = T5)

drs
dt
— AT =T5) = A,(I5 - TI¥)

:/14Hc _Q_/is(Tc? _T;)

drye
dt
+/110(T1; _Tso)+/111(T; _TAO)

:ﬂch_ﬂs 'Hgv+/19(Tc? _Tso)

dHk

TEVzaLvL—HévY/X,
s

%ZQSQS_H;Y/)C

Ho(t)=H, ()~

where X - is the air humidity, Y - wind veloc-
ity, ¢, - skin flow.

So, our MT is the first model capable
of simulating the specific effects of body dif-
ferent energy sources. In this paper, this aspect
is not considered.

Under the modeling of the human ther-
moregulatory system, the human body usually
is approximated as a net of lumped parametric
compartments [1-4]. The net structure is con-
ditioned by research goals. Our MT is neces-
sary to investigate main aspects of human PSS
composed of different combinations of cardi-
ovascular, thermoregulatory, lungs, energy
providing systems. Therefore, specific details
of thermal patterns in peripheral segments
(legs, hands, torso, neck, and head) that had
been considered in [2, 7-11], are mainly omit-
ted. We have built the simplest model con-
taining of three body compartments (a core,
blood, and a skin). Additionally, MT is capa-
ble of imitating the isolative effects of cloth-
ing. Besides, in the final version of MT, either
air or water can be chosen to be an external
environment in which the body is immersed.
Each of these environments does have its tem-
perature and flow velocity given as input pa-
rameters.

This structure of MT is chosen for
solving practically all tasks planned in the
frame of the final version of the human physi-
ological super-systems’ model. As our MT
uses certain variables of the CVS model, it is
useful to note the following.

For the physiological interval of
EF . <F@{)<F_.F(t)is calculated as:

Fminﬂ iAEi(t)>Fa_Fmin

=

F) = I, +AF(T0)+;AF!' (t)—JZ:;,AF,-’(t),

Fmin SFV(ZL)SF'max
n2
Fmaxﬂ ZAF;+(t)+F;>Fmax

i=1

Here I, is the heart rate under normal
rest values of blood temperature 7,
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biochemical and biophysical characteristics of
cells of sinus node, AF'(7) is elevation of F,
with temperature increasing, AF," (¢)are accel-
erating effects of »nmechanisms (including
concentration of adrenalin 4, (¢) ), and AF; (¢)

are retarding effects of » mechanisms.

Each mechanism forming its part of
AF has its power and developmental inertia
that have been taken into account by means of
proper constants.

Inotropic states of ventricles are under
influences of local coronary flows ¢ (¢),

adrenalin 4,(¢), T, (¢), efferent sympathetic (
E, (1)), and parasympathetic ( £,,,(¢) ) impulse
patterns. Special version of the model includes

effects of exogenous cardio-active agents
C, (1) too:

k(6)=k0 *(1+d *(T°(1)=T°x) +
dy* (A, ()= Ay ) +ds*(q. (1) = q.) +

d4 * (Ecs(t) - EcSN) _ds * (ECV(t) - EcVN)
td,*C, (1)

Skin vascular resistance depends on vas-
cular volume (diameter). There is a biophysi-
cal reverse relation between temperature and
vascular resistance. The relation is described in
our CVS model. In particular, it means that the
independent (hemodynamic) alterations of
skin flow, which plays an important role in
body heat conduction, will have specific ther-
moregulatory effects.

Mathematical model
of environment

In our current model, environment is
presented by following dynamic characteris-
tics: air temperature 7, (¢) (7°4(t)), air hu-
midity (/,(?)), wind speed (v, (¢) ), and light
intensity (L, (¢)).

T°4(t) may be of any stable value 774
either may have any dynamics. For example,
under simulating of day/night 7°.4(r) its for-
mally is given as:
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Ty, t<t st >t
Ty + (T =T uy)(1=e 7)1 <t<t
TOA(Z)= AN ( 4D AN)( )s, s (*)
Tap,t St<t

T°up—(T"ap —TOAN)(I—eiﬂ(fil”)),tm Sty
where 7°4y- night minimal temperature,
T° 4p - day maximal temperature, ¢, - sunrise
start, ¢ - fully lit morning, 7 - sunset start

time, 7, - completely dark night.
By analogy dynamics of L, (¢) is given

as:
Ly, t<t ;t> t,
Ly+(Ly=Ly)(1-e7")t <t<t,
Li{t)= B (**)
D’ ts N4 < tsss

LD - (LD - LN)(1 - e’}’(f’f:r)), tsss < 4 < tfss
where L, - minimal night intensity of light, L,
- maximal day intensity of light, ¢, - sunrise

start, ¢, - full sunny morning time, ¢ - sunset
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start time, ¢, - completely dark night. Coeffi-

cient ¥ in (*) is to modulate air temperature

dynamics depended on air humidity X (7).
The hypothalamic control of blood

temperature (7 (¢) ) is based on afferent infor-

mation came from heat and cold receptors lo-
cated in core, blood, and skin compartments.
In a conventional scale of “0-1", the current ac-
tivity of every heat receptor field looks like:

0, I'(n<T",
iz 5,17 .
RI.“(t): (1-e* )/(1+9je 2 )’Tj’“min <T,- (f)<Tjth
j LI()> T

Jjmax

7,=T;0)-T;

jmin

where 17 is re-

Jjmin

is reception threshold, 77,

max

ceptors saturation temperature, s and 6, are

approximation constants. By analogy, cold
functions of cold receptors are modeled as:

07 Tjo(t)ST]cmm
7516' /c 4 "SJC j) c ] c
(I-e )1+ ") T, <T7 (1) < T

Rc(t) — >+ jmin jmax
J c c
LIS (0)> T
7= w170

Hypothalamic neurons modulate their
descending impulse activity depending on
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summary ascending impulses R, (¢)and R (¢)
calculated as:

RIt)=D_dIRI(t); Ri(t)=) dSR:(?)

where d_f, andd; are weight coefficients.

The main target for descending influ-
ence of hypothalamic neurons is the velocity of
heat generation (v, (¢) ). Its static value is:

Vi = Vi (O)1+ & (W =W O)(1-g,H)(1+
+ g3S)(l + g4R£ o gSRS)
where g, — g, are weight coefficients.

In the current model, v,, (¢) is presented

— =V -V
h hgs hg’
¢ dt

where 7, is time constant of heat generation al-

teration.
dH
L =bH,~v,,.
dt

Hypothalamic temperature 7,°(¢) is
calculated using 7,’(7)
I, (t)=T5 (t)— A, where A =const.

Heart rate, skin flow, and lung ventila-
tion velocity (v,(¢) ) are external modulators of
MT. Two first characteristics belong to CVS:

its model is described in [6-8]. Thus we give
here v,(¢):

% = bllClIf +blzCBCO2 +b13T5 ’

whereb, ,b,,,b,, are approximation constants,

CI and C$% represent blood concentrations
of H' ,and CO, .

Simulation algorithms

MT is integrated with CVS-model and can in-
teract with it for a wide range of special cardi-
ovascular test scenarios. In this publication we
cannot consider these oppor-tunities thus we il-
lustrate those scenarios only when the CVS is
under physiological norm (imitating an intact
organism). Under this constriction, a single
simulation algorithm (SA) can be illustrated by
means of Fig.1.

Fixed list of -
physiological Fixed list of input
models load models

| ||

Actualized list of Actualized list of
physiological input load
models models

Actualized Simulation
simulator duration

lv Generating graph
Simulation =—)| f‘;irnf:zlzft;ze
\ variables

New simulation preparing

Fig.1. Simulation algorithms

According to this algorithm, the user
should set the simulation duration, and the
state of the external environment (for example,
dynamics of light intensity, air temperature,
humidity, wind speed, cloth isolating parame-
ters, e.a.). Special window is pro-posed for set-
ting (actualizing) the model several constants:
after changing at least one value in MT char-
acteristics, the user can start a new simulation.

Simulation (when activated) will last
until the exposure time (observation duration)
is over. Special algorithm providing both
short-time and long-term (days and months)
simulations is created. So, the operative
memory of PC is no longer critical for deter-
mining the maximal simulation duration as it
was in previous simulator version [5].

After the simulation is over, the user
can analyze simulation graph results for more
than 35 biological and environmental varia-
bles.

Input loads

The complex simulator and its frag-
ment (described in the paper) is autonomous
software designed for IBM compatible com-
puters. Taking into account volume limits for
the paper, our main attempts were directed to
illustrate the new opportunities we can propose
to potential users. Best if the illustrations show
something not modeled yet in traditional ther-
moregulatory models. In our opinion,
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circadian effects look like a not bad example
for simulation. In this case, input loads are:

T°4(), h,(t), v, (t),and L,(¢). Changes of

L,(¢) and T°.4(¢t)were provided according to
formulas (*) and (**).

Special window of the user interface
(see Figure 2) provides the user by actualiza-
tion of such data like factors determining
day/night dynamics of light intensity, as well
as of constants determining dynamics of air
temperature.

@ Vser imtedace = X
Help Save ExperimentN2: 0 pe
& Experiment preparations
. TompSK WaterT [
Configuring the model % e et s
Observation duration leap€iocdd oL HestOnsashocho ¢
Simulation scenario Teap0ay » Atimdtyd £
Hypotheses of hypertension Tomphight 15 Gctho 02
Hypertension therapy TempHypothatamus0 (368 KCioth 1
Input TC SunRiseStart 65 Ughtintensity [10
Input Kidney Value FulSuntme 70 Ughtintensity0 01
Experiment simulation r r
SunSetStart (185 Secotonind 0.1
«View simulation results A
FulSunSet (190 MelatonnProdRated 2
WindSpoedd 1 SecotonnProdRate0 (4
| Experimeln’s passport
'\
[
\
|

Fig.2. User interface fragment: special window

for setting initial data for processing the

thermoregulatory model

Main simulation results
and discussion
As the reader can see in Fig.3, in this
simulation, both air humidity (50%) and the
wind speed (1 m/sec) are stable. It was as-

sumed that the durations of night and day times
are equal. Night time light intensity assumed
to be for 100 times less than it is during the day
time. Both for the sun rise time and for the sun
set time 1is set 0,5 hour.

© Darmccontrobystem

. foberD,
t

SkinP;

2

—— A termRate

——— A Humidy %

== WindSored msec
Ughtinensty

QAR

Fig.3. Environmental parameters day/night dynamics: Input data
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Fig.4. Body temperatures day/night (circadian) dynamics: Output data
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Fig.6. Day/night (circadian) dynamics of thermal receptors, serotonin, and melatonin: Output data
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Save image

Fig.7. Day/night (circadian) dynamics of systolic and diastolic arterial pressures: Output data
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Initial information Heart parameters Lung ventilation
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{Umb)

__Harnef
[1/win]
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|||||||

Time, minutes

Save image

Fig.8. Day/night (circadian) dynamics of heart rate and lung ventilation: Output data

Output data are presented by tempera-
tures in the core, blood, hypothalamus, and skin
(Fig.4), by 12 characteristics concerning heat,
and cooling (Fig.5), by dynamics of thermal
receptors (heat and cold), and blood concen-
trations of serotonin and melatonin hormones
(Fig.6), by dynamics of systolic and diastolic
pressures (Fig.7), and at last, by dynamics of
heart rate and lung ventilation (Fig.8).

Fig.4 illustrates day/night alterations of
temperatures in modeled body areas while the
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last two illustrations obviously show day/night
alterations of pressures and heart rate.
Certainly, our simulator yields much
more output data concerning blood circula-
tion parameters, baroreceptors, and chemo-
receptors activities, and dynamics of main
endocrine hormones modulating not only the
state of CVS but also the state of those body
structures that concern functionality of ther-
moregulatory sys-tem. We do not present this
additional data for two reasons. The first one is
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already mentioned above — the paper volume.
The second reason is concerned with the “raw”
state of the MT model. It is not able yet to re-
alistically simulate dynamics. Values of sever-
al constants and variables are included in the
model in conventional units only. We plan to
advance it when all component models will be
created and integrated into the complex simu-
lator of human PSS.

Conclusion

In order to extend the potentials of the
PC-based simulator of the human physiological
super-system (PSS), a special quantitative
model of the human thermoregulatory system
(MT) is created and previously tested for spe-
cific scenarios.

Currently, MT is functioning with mod-
els of cardiovascular and lung systems. MT
describes thermoregulatory responses to alter-
ations of both external environmental physical
characteristics and internal biological character-
istics. Algorithms provide designing of scenar-
ios including simulation of either short-time or
long-time (hours or days) observations. Input
data include different combinations of environ-
mental variables (air or water temperature, air
humidity, wind or water flow speed, light inten-
sity, infrared radiation) for a naked or wear hu-
man, as well as for given dynamics of biological
characteristics (rate of heat production including
its components associated with metabolism and
ATP molecules leasing during mental and phys-
ical activities). Human body is presented by a
core, blood, and a skin compartments. Skin and
lung evaporation are under hypothalamic control
based on afferent impulse patterns from internal,
and skin heat and cold receptors. Dynamic out-
put data include blood, hypothalamic, and skin
temperatures, hemodynamic parameters like
heart rate, cardiac output, regional blood flows,
vascular resistances, blood pressures, and re-
gional blood volumes. Serotonin and melatonin
concentrations modulating biological heat pro-
duction rate are associated with light’s day/night
intensity. Currently, the PC-based simulator is
autonomous soft-ware to be used both for edu-
cational purposes and for providing of special
computer research. In a near future, this simula-
tor has to be widened by models of kidneys, and
a mechanism of liver-pancreas interaction.
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