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[Ipennoxena MaTeMaTHIecKast MOZENb JUHAMUKA
HaNpsDKEHUH PECITUPATOPHBIX Ta30B C y4eTOM THIoMeTabonu3ma, KOTOpPBIH
pa3BHBAcTCsI B  OpPraHM3ME  4YEJNOBEKa Ha  BBICOKOTOphE.  AHAIU3
BBIYHUCIIUTENBHBIX 3KCIEPUMEHTOB IO3BOJIMI CHAENATh BBIBOIBI O XapakTepe
W3MEHEHHH pEeXUMOB (DYHKIMOHMPOBAHMS OpPraHU3Ma IIPU IEPEXOTHBIX
mpoleccax M B CTAI[MOHAPHBIX COCTOSHMAX, BIHMSHHM CHCTEM BHEIIHETO
IBIXaHUA M KpOBOOOpaIleHHs Ha (POPMHUPOBAHHE YPOBHEH YIPaBIIOMINX
MapaMeTpoB, a TAKKE O POJIM TUIIOMETA00IM3MA IIPY BO3ICHCTBUU HA OPTraHU3M
BO3MYILEHUI BHYTPEHHEN U BHELIHEH Cpel.

Knioueevie cnoga: mareMaTudecKas MOAENb, CHCTEMBI

JBIXaHUS u KpOBOOOpAIIEeHHS, HanpsDKEHUE rasos, TUIIOKCHSL,
TUIIOMETO00IIN3M, BO30YKAaroIIre BO3JICHCTBHS, BBIUKCIIMTEIIbHBIC
9KCTIEPUMEHTEI.

3anporoHOBaHO MATEMATHYHY MOZENb IUHAMIKH HAIPY)KECHb
pecriparopHuX rasiB 3 ypaxyBaHHSIM TiOMETa0O0Ii3My, SIKHIl PO3BHBAETHCS B
OpraHi3mi JIFOAWHA Ha BHCOKOTipT. AHaii3 OOYHCIIOBAIBHUX CSKCIICPHMEHTIB
MTO3BOJIMB 3POOUTH BUCHOBKH IIO/I0 XapaKTepy 3MiH PEXUMIB ()yHKIIIOHYBaHHS
opra”iamy MpH OEpPeXifHUX Mpolecax i B CTAl[iOHAPHUX CTAHAX, BIUIUBY
CHCTeM 30BHIIIHBOIO JAWXaHHA Ta KPOBOOOIry Ha (OpMyBaHHS pIiBHIB
KepyYuX MapaMerpiB, a TaKoX poii rinomeraboni3My MOpd BIUIMBI Ha
oprasi3m 30ypeHb BHYTPIIIHHOrO 1 30BHIIIHBOTO CEPEAOBHILL.

Knouogi cnosa: mMartemarndHa Mozenb, CHCTeMa IUXAaHHS 1

KpPOBOOOIry, Hampyra rasiB, TiMOKCis, rimomerabomi3m, 30yprorodi BILTHBH,
00YHCITIOBAIbHI eKCIICPUMEHTH.

INTRODUCTION

Hypometabolic and hypoxic states are in the focus of attention of researchers
since organism is often impacted by hypoxic factors, particularly under conditions
of highlands, as well as during significant physical loads or some severe pathologic
process.

Hypoxic or exogenous hypoxia is developed during decreasing of partial
pressure of oxygen in inhaled air. During hypoxic hypoxia the oxygen tension in
arterial blood, the saturation of hemoglobin with oxygen and its total content in the
blood are being decreased. Negative impact can be caused also by hypocapnia,
developed as a result of compensatory hyperventilation of lungs. Extreme
hypocapnia causes worsening of blood supply to brain and heart (vasoconstriction)
and respiratory alkalosis. In this connection, it is interesting to investigate the
energy reserves of organism and the ways of its strengthening under hypoxic
conditions.
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THE RELEVANCE OF THE TOPIC

Investigation of the processes of human organism breathing system self-
regulation represents particular scientific area that is being widely developed last
years as a result of success in mathematical modeling. However the regulation
mechanisms of functional state of human organism under conditions of highland
hypoxia are not sufficiently studied yet. Impossibility of such investigations was
related with the difficulties of experimental determination of the several most
important parameters and with the absence of adequate mathematical models for
dynamics of these processes.

PROBLEM DEFINITION

Mechanisms of formation of hypometabolic state of human being under
conditions of highlands are considered. Mathematical model of functional systems
of breathing and blood circulation has been used to analyze this phenomenon on
system level.

The purpose of this work is development and investigation of mathematical
model of hypometabolism, and development of software for execution of
computing experiments with the model.

RESULTS

1.  Developed complex of mathematical model of the gas mass carry
process in organism and software is applied for assessment of the dynamics of
functional state of human being on conditions of work at highlands.

2. Implemented numerical analysis of the models of respiratory exchange
control enables to:

- follow dynamics of the main physiological parameters of the model during
transient processes and in stationary states;

- forecast and quantitatively assess regulatory reactions of the organism
under given disturbances;

- carry out individualization of model developments on condition of
availability of array of data on anatomic-physiological peculiarities of specific
human being.

Obtained results are well correlated with the physiological experimental data.

Mathematical model of tension dynamics of respiratory gas is developed using
ideas of compartmental modeling [1, 2], i.e. describes the mass carry process of
respiratory gases among functionally connected but relatively autonomous
compartments.

Model represents the system of ordinary nonlinear differential equation whose
number depends on the degree of detailing of structural scheme of the object
(number of tissue regions, portions of blood washing the tissue etc.), describing the
dynamics of oxygen tension p (hereinafter the first index at variable — (1)), carbon
dioxide (2) and nitrogen (3) in structural compartments of the system —
respiratory tract (second index at variable — (rw)), alveolar space (4), blood of
pulmonary capillaries (LC), arterial blood (a), blood of tissue capillaries (ct;), tissue
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reservoirs (¢; ) and mixed venous blood (v).

As distinct from existing models of gas mass transfer in the organism this
model presents dynamics of gas partial pressures in alveolar space during the
breathing cycle including phases of inhalation, exhalation and pause; process of
gas diffusion through air-blood barrier, as well as through capillary-tissue
membranes taking into account their structural and functional peculiarities have
been considered [3]. In addition tissue reservoirs are differentiated and peculiarities
of energy exchange of tissues of brain, heart muscle, liver, kidneys, skeletal
muscles, skin and other organism's tissues have been considered. Presented below
equations of mathematical model of object have been obtained on the basis of
continuity and material balance principles (conservation of mass) using known
empiric physiological dependencies among variables. Model equations are
described as follows.

Let p;, p2, p; — partial pressures of oxygen, carbon dioxide and nitrogen in
inhaled air and p;+ p,+ p;= B, where B — total barometric pressure.

Then dynamics of partial pressures of gases in respiratory tract during
breathing cycle can be presented as follows:

dpy 14
wo_ 5 _ 7 (1)
T [p1—p1,,, )5
dp, %
wo_ B — P (2)
“dt ol [p2-P2,, 1
dps %
wo_ P — P (3)
Tdt ny [p3—ps,, 15
where V,, — volume of respiratory tract (generalized reservoir),
V — ventilation depending of values of respiratory volume and duration of

breathing cycle; n;, n, n; — conversion factors for respiratory gases and nitrogen
respectively, and

lN’jz{pp.j’ (I/>O)’ j=13,
Iy < 0),
4)
P, = {ijw,(z, >0 j=13
Piv <o),

During modeling of partial pressures of gases in alveolar space with volume
V' it is necessary to take into account gas flow through air-blood barrier

Gje =DiSc(pj, = Pj,c)> (6))

© LL. Bobriakova, 2014
24 ISSN 0452-9910. Ku6epHeTuka u BbI4ucI. TexHuka. 2014. Boim. 178



where D; — coefficients characterizing permeability of gases through air-blood
barrier, S;c — area of gas mass transfer surface.

Then

dpy , 1 . av,
= mVp -G, . —n =Ly, 6
&m0, —er)[ Py, =G ~mpL, ] (6)

dp; , 1 . av,
= mVpy, -Gy . —n 2Ly, 7
&m0, —er)[ 2V P2y, = G2 ~MmaPr ] (7

dps , 1 . av,
= mVpy -Gy . —n =1L 8
&m0, —er)[ 3V P3,,, = O3 ~m303, — ] (®)

It is assumed that lung volume during breathing cycle is changed according to

"% 27),atinhale and exhale
te (€]

Vi (tg),at pause

D
Vi(tg)+—(1—cos
v, - 7(t0) 2(

where D — respiratory volume of lungs, 7, — start of breathing cycle, 7. — its
duration.
It is also assumed that

p-d

10
. (10)

(V =0 during pause).

As it can be seen from the equations (1)—(8), gas diffusion from respiratory
tract to alveolar space during pause is not considered.

Equations of blood gas tension dynamics are developed taking into account
biophysical and chemical properties of blood. It is known that oxygen and carbon
dioxide can be transported with blood flow both physically dissolved in blood
plasma, and attached to hemoglobin (and CO, is bound also with buffer bases),
while nitrogen is transported only in dissolved form.

Changes of blood gas tension in pulmonary capillaries can be influenced by

gas flows from alveolar space G;, . (5), from mixed venous blood and gas flow

JLC
passing with circulating blood into arterial channel. In addition model takes into
account presence of pulmonary shunt having volumetric speed of blood flow Q..
Equations of dynamics of blood gas tension in pulmonary capillaries in connection
with above mentioned are as follows:

dp, 1
dﬁC _ o [a;(O -0 )(pl; ~ Pl )+
Vie (o +yHb —EC)

(11)

+Gy, . +YHD(Q - O )y — o)l
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dpy, . 1

[(@=n7)z; =(=nzc)zL0)vHD+

a Vic(ay+ypyBH— 1)
2
LC (12)
+yYpyBH(z, —z1,0))(Q—0s) +
dh
(P2, = P2, )02(Q=05)+ Gy, +YHDY ey,
dps 1
L€ - [a3p3- (@ = 0Q5) + G5, . —a3p3, . (Q—Op)]. (13)
dt 0“3VLC v

For more precise description of gas mass carry process in pulmonary
capillaries in the section «alveoli — pulmonary capillaries blood» the structure of
pulmonary capillaries can be differentiated, considering the elements of pulmonary
artery, capillary network itself and pulmonary vein.

In the equations (11)—~(13) ¥V;c — volume of blood of pulmonary capillaries,
O — volume velocity of system blood flow, oy, o, o3 — coefficients of gas
solubility in blood; 7, ypz — physiological constants, determined in Haldane and
Verigo-Bohr equations; n — hemoglobin saturation rate (its concentration will be
denoted as Hb) with oxygen, determined by empiric dependency

nre =1-175exp(=0,052myc py, . ) +0,75exp(=0,12mc py, ) - (14)

At myc = const dependency of hemoglobin saturation rate Hb with oxygen has
a shape of S-curve, that is approximated by the expression (14). But it is known,
that alteration of pH value in blood causes shifting of the curve of oxyhemoglobin
dissociation (Bohr effect). Carbon dioxide facilitates displacement of oxygen from
oxyhemoglobin, and shape and location of dissociation curve are changed
depending on CO; tension, namely, with its increasing affinity of hemoglobin with
oxygen is decreasing and dissociation curve is shifted to the right, i.e.
oxyhemoglobin dissociation is increased. Following equations serve as
mathematical interpretation of Bohr effect in the model

my.=0,25(pH,.—7,4)+1, (15)

BH

pH;-=61+1g .
02P2,

(16)

Dependency (16) is Henderson-Hasselbach equation that is used for
determination of correlation among blood acidity (pH), tension of CO, in blood
and concentration of hydrocarbonates that are buffer bases (BH). Saturation rate of
buffer bases of blood with carbon dioxide is expressed by the Michaelis-Menten
formula

Zic=—"—7. (17)
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Equations (1)—(17) describe first three links of controlled system — change of
partial pressures of gases in respiratory tract, alveoli and blood of pulmonary
capillaries.

The blood saturated in pulmonary capillaries is flowing in the arterial channel
with volume velocity (O-Q;), and, as a result of pulmonary shunt, — mixed venous
blood is flowing with volume velocity Q;, while the arterial blood is flowing out
with volume velocity Q. Taking into account conditions of continuity and material
balance the following can be written

d
Tl —— 101 (@ - 2y, +
V,(ay +yHb —%)
P1, (18)

+ 01 Qs pi- 0 Opy, +
+yHb (Q - O)nyc + vHDQ ¢ny — yHbO n, ],

d
’;j - ! [(1-n2)Q, 2 +
Va(ay + vy BH 3pzaa
F (=50 Q- 0,)z1c = (1=1g)0, WHb + (20, + (19)

+zZic (Q _Qs)_ ZaQ)YBH BH + aZ(QsPZ; +

d
+(Q=00)p2yc ~ Op2,)+ YHBY ),

d,
Lo e (1-17)Qz7 +
Vy(ay +vpy BH ——*
P2,
+(=mrc NQ-05)zpc —(1=my)Q; )YHb + (2704 +
+Zic (Q_Qs)_ZaQ)YBH BH +("2(Qsp2;+ (20)

d
(0= 0)p2,c ~Opa,) + YHBY =14,

P30 L 00-00ps  +as0ups. —ax0ps ]
dt s, 3 s)P3; 0 3 sp3; 3¢P3, 1.

Let's express changes in organism gas tensions in tissue capillaries blood (ct;)
and tissues (¢,). Tissue reservoirs are considered on the level of organs and tissues,
namely, brain, heart, liver, kidneys, skeletal muscles (sk.m.), skin, adipose and
bone tissues (let m — number of tissue reservoirs).

Krogh model has been chosen as a model of tissue reservoir [4, 5], where
capillary network of tissues or organs is represented with one generalized
cylindrical capillary in the inlet of whose arterial blood is coming. During flowing
of blood along the capillary respiratory exchange between capillary blood and
tissue is occurring through its wall. Then blood is flowing in the vein.

In the same way as other equations of mathematical model, equations of
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dynamics pO,, pCO,, pN, in blood of tissue capillaries and tissue are compiled on
the basis of principles of materiality of balance and flow continuity.

dpy,. 1
4= (p - Gy +YHbO, (M, — M.
T o [0, (P, — 11, ) =G, +YHDO, (g —Mey,)] @
e, (04 +YHbT
lcti
dpzcti _ 1 G
. % (020, (P2, = P2, ) =G, +
Ver, (0 +vpy BH )
apzcti
(22)
+ Qtl BHYBH (Za - ZCti) +
dncti
dps . 1 23
— = [a3p3,90, —03p3,, O — G5, |- 23)
1 1

dv o3V,

Rate of intensity of metabolic process in tissue regions of this model is
characterized by the rate of oxygen consumption a,, and rate of carbon dioxide
evolution P, - It is considered, that dependence of oxygen consumption rate
q,, in tissues of brain, kidneys and heart is determined by equation of Michaelis-

1,

——+—, and in peripheral tissues, including skeletal
R+ plti

0
Menten: a,, (1)= q,
1

muscles, by correlation

2
a, @=a) | 4| 24)
ct;
where qﬁ o consumption rate of O, at given intensity of load under normal
conditions of external environment, R — const, ngti — saturation rate of Hb in
blood with oxygen in these conditions, and Ner, (1) — saturation rate of Hb in

changed conditions of experiment.

In addition, for definiteness it is considered that consumption rate of O, in
heart muscles is linear function of the value of volume velocity of systemic blood
flow

a, , =00+,
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9, =4, (25)

where 71y, — respiratory coefficient.

In this connection dynamics of gas tension in tissue reservoirs in normal
physiological organism may be described by the equations

dpy, 1
= G, —aq,)>
dt OMNp, o T 26
Vi, Vo, M) (26)
Py,

Py 1 (92, +Gy,) 27
de Voo, T 7
dpsti _ 1 . -
dt 0'3t4 Vti 3ti’ ( )

where 1,z =1-exp(-0,12p; ) — saturation rate of myoglobin with oxygen,
1

0<mpp, <1, vam, — coefficient characterizing maximal amount of O, that can

be attached with 1 g of myoglobin (Mb;).

The link of breathing system «blood — tissue reservoirs» can be detailed at
the account of both differentiation of tissue reservoirs and modeling of transport
and exchange functions of blood in arterioles, tissue capillaries and venules.

To conclude the model it is necessary just to present equations representing
the dynamics of gas tension in mixed venous blood:

dp- 1
. - [al(ZQt P, On; )+YHb(ZQt Ner; —ON3)), 29)
Voo sy ) i (
pl;
dp>- 1
drv = = 0tz(ZQz,cht ~Op> )+
V(o +vpy B =l

ul (30)
+YHb(Y,0; (1= Mgy )z, = (1=1;)0z;) +
i=1
m dn—
+vpr BH (X Oy, 201, — Oz;) + YHDV,, d‘r]
i=1
TR 513,04 ~05,0) 31)
e 3V 32,73, 9 —3p3 Q). (
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It is obvious that equations (1)—(31) represent dynamics of gas mass transfer
in organism in simplified form. However the principle of model development
allows the possibility to consider also arteriovenous anastomosis and model gas
tension on the walls of vessels — capillary, change of blood volume in tissue
capillaries, enabling to solve different tasks of theoretical and applied physiology.

The model is developed for average statistical (reference) person and it uses
the known experimental data on diffusion coefficients and gas permeability
through the membranes separating the medium, on other parameters characterizing
gas transport in the organism and metabolic processes taking place in tissues.

It would be important to clarify the role of these parameters in stabilization of
transients occurring during violation of equilibrium state caused by changes of
internal or external conditions. Transients caused by changes of composition of
inhaled air, transition from steady state to load and vice versa, during pressure
difference and process of the control of level of organism's gas homeostasis have
been studies. Data obtained in other studies [6, 7] have been accounted during the
work with the model.

On the model described above the simulation of functional self-organization
of physiological breathing system under conditions of highlands has been carried
out.

It was assumed that before experiments the gas mass transfer system in
organism was in stationary state, breathing gas normoxic (21 % O, and 79 % N>).
Calculations have been executed for normal physiological data of person weighting
75 kg, volume velocity of oxygen consumption under calm conditions g = 4,3
ml/sec, O = 96 ml/sec, Hb=0,14 g/ml, BH=0,479 g/ml, D=550 ml, ¢. = 4 sec. To
determine initial status of the system in simulation of arbitrary extreme situation it
was necessary to simulate first calm conditions under normal external conditions

O, pi, > and P2, since experimental determination of initial values is
1 1

complicated. Therefore starting from certain determined approximated state of the
system (1)—(31) trajectories P, and P, have been put in steady regime for time
1 1

T. Calculations have been executed during time interval 7 = 3000 sec with
simulation time-step At = 0,01.

Air pressure at sea level everywhere on the globe is on average close to one
atmosphere. Going up from the see level air pressure is decreasing; respectively its
density is also decreasing: air becomes more and more rarefied, i.e. amount of
oxygen in inhaled air is decreased. Therefore for simulation of highlands
conditions known data of air pressure and oxygen content at different heights have
been taken [8].

In present work computer analysis of model at different heights has been
carried out: 1 km (Bo = 674 mm Hg), 2 km (Bo = 596 mm Hg), 3 km
(Bo = 526 mm Hg), 4 km (Bo = 462 mm Hg) with oxygen content in air
respectively 18,5 %, 16,2 %, 14,3 %, 12,6 %. At the time zero values of gas
tensions in arterial blood and skeletal muscles were taken at normal state, i.e. in
calm conditions at sea level.

For every height set of experiments have been carried out under following
conditions:
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1. Hypoxia in calm state with compensation — increasing of Q.. in 2 times,
Vinhate in 1,5 times: Vg = 800 ml; tc = 4,0 sec; tipate = texhate = 1,5 sec;
0 = 117,1 mlsec; QOpuin = 14,88, Onear = 6,135; QO sk.m. = 38,45;
Qother sissues = 7,595; q= 4,44 l’nl/SeC qbrain = 0,632; Gheart = 0,4725; qskm. = 1,488;
qgther tissues — 1 ) 849 .

II. Load hypoxia with compensation — increasing of qg.m- and Q. in 2
times, Vippaie in 1,5 times: V. = 800 ml; tc = 4,0 sec; timhae = Lovhatle = 1,5 S€EC;
0 =117,1 ml/sec; Oprain= 14,88; Onearr= 6,135; Os.m. = 38,45; Qother tissues = 57,595:
q = 59292 mifsec; qpain = 0,6321; Grearr = 04725, qoom. = 2,9756;
qgther tissues — 1 849

II1. Load hypoxia with compensation — increasing of {g.,. in 2 times,
Qsim. in 4 times, Viypue up to 1000 ml: Vo = 1000 ml; ¢ = 3,0 sec;
tinhale = texhale = 1:5 S€C, Q = 159’2 ml/sec; Qbmin = 14:887 Qheart = 9:847
Osim. = 76,90; Oother tissues = 57,595, q = 6,2146 ml/sec; qpain = 0,6321;
Gheart = 0 7579 qskem. = 2 9756 other tissues — 1 8490

Results of experiments are presented in the table and on figures 1-4.

On figures 1-4:

row I — Hypoxia in calm state with compensation — increasing of Qg in 2
times, Vippae In 1,5 times:

row 2 — Load hypoxia with compensation — increasing of gg.,,. and Q. in 2
times, Vippae In 1,5 times:

row 3 — Load hypoxia with compensation — increasing of gg.,,. in 2 times, Q.
in 4 times, Viupae up to 1000 ml:

© —a—s—s—s—s— 55—
Q
A G
£
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Fig. 1. Oxygen consumption at height 1 km
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Fig. 2. Oxygen consumption at height 2 km

Comparative analysis of results demonstrates, that with the same values v
and Q levels of p,0; are below normal, and levels of py.,,. Oz, p.CO;s, ps.m.CO; are
higher, but later on significantly decreasing.
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To approximate gas tension levels to normal values, V and Osim. have to be
significantly higher.
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Fig. 3. Oxygen consumption at height 3 km
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Fig. 4. Oxygen consumption at height 4 km

Table Results of experiments

Vii=800 ml, t.=4 s, V=12 I/min, Q=117 ,1 ml/sec, g=4.44 ml/sec

I H=1 km H=2 km H=3 km H=4 km
By=674 mm Hg B¢=596 mm Hg B¢=526 mm Hg B¢=462 mm Hg
t,c 0 100 | 2800 0 100 | 2800 0 100 | 2800 0 100 2800
q, ml/sec 44414 | 4.6629 [4.6912|4.4414 | 4.2340 [ 4.20524.4414 | 3.7204 |3.5163 [|4.4414 | 3.2325 | 2.8227
P,0,,mm Hg | 92.9 | 70.33 | 73.76 | 92.9 | 46.53 | 45.25 || 92.9 | 34.28 | 30.35 || 92.9 | 26.82 | 21.58
PSk““‘gg mm o671 | 35.95 | 33.46 | 26.71 | 30.81 | 27.71 | 26.71 | 25.86 | 21.41 | 26.71 | 21.92 | 16.33
P,CO,, mm Hg | 26.17 | 34.73 | 18.40 || 26.17 | 34.22 | 16.61 || 26.17 | 33.54 | 13.93 || 26.17 | 32.89 | 11.21
PSk““‘(i_?gz’ Mm 3503 | 47.53 | 22.07 || 32.03 | 47.13 | 19.69 | 32.03 | 46.65 | 16.30 | 32.03 | 46.19 | 12.94
Vii=800 ml, t.=4 s, V=12 I/min, Q=117,1 ml/sec, q=5,93 ml/sec
I H=1 km H=2 km H=3 km H=4 km
B¢=674 mm Hg B¢=596 mm Hg B¢=526 mm Hg By=462 mm Hg
t,c 0 100 | 2800 0 100 | 2800 0 100 | 2800 0 100 2800
q, ml/sec 5.9292 |5.5470 | 5.5540(/5.9292 | 4.8573 | 4.7243 |5.9292 | 4.1594 | 3.8328 |[5.9292 | 3.5410 | 3.0263
P,0,,mm Hg | 92.9 | 58.16 | 60.08 | 92.9 | 39.28 | 37.17 || 92.9 | 29.41 | 25.79 || 92.9 | 23.17 | 18.78
PSk““‘gg mm o671 | 25.66 | 24.08 | 26.71 | 21.96 | 19.61 | 26.71 | 18.68 | 15.48 | 26.71 | 16.03 | 12.13
P,CO,, mm Hg | 26.17 | 36.14 | 21.81 || 26.17 | 35.26 | 18.66 || 26.17 | 34.36 | 15.18 || 26.17 | 33.58 | 12.01
PSk““‘(i_?gz’ Mm 3503 | 48.92 | 27.24 || 32.03 | 48.29 | 22.94 | 32.03 | 47.65 | 18.38 | 32.03 | 47.09 | 14.31
Vii=1000 ml, t.=3 s, vV =20 I/min, Q=159,2 ml/sec, qg=6,21 ml/sec
I H=1 km H=2 km H=3 km H=4 km
B¢=674 mm Hg B¢=596 mm Hg B¢=526 mm Hg By=462 mm Hg
t,c 0 100 | 2800 0 100 | 2800 0 100 | 2800 0 100 2800
q, ml/sec 6.2146 |1 6.7337|6.7791 || 6.2146 | 6.0453 | 6.0920 || 6.2146 | 5.1688 | 5.0975 | 6.2146 | 4.3299 | 4.0948
P,0,,mm Hg | 92.9 | 67.67 | 70.52 | 92.9 | 43.58 | 43.83 || 92.9 | 31.26 | 29.45 | 92.9 | 23.74 | 20.91
PSk““‘gzg’ Mmoo o6.71 | 35.12 | 32.75 | 26.71 | 29.29 | 27.05 | 26.71 | 23.53 | 20.74 | 26.71 | 19.04 | 15.72
P,CO,, mm Hg | 26.17 | 31.00 | 16.01 || 26.17 | 30.43 | 14.50 || 26.17 | 29.70 | 12.20 | 26.17 | 29.00 | 9.94
PSk““‘(i_?gz’ Mm 3503 | 40.79 | 19.13 || 32.03 | 39.98 | 17.09 | 32.03 | 38.98 | 14.13 | 32.03 | 38.03 | 11.20

32
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CONCLUSIONS

Presented results of computer analysis of the model show that
hypometabolism is a necessary condition for stabilization of the status of organism
during highland hypoxia.

Calculations using mathematical model (1)-(33) with hypometabolism
mechanism (24) demonstrates that stabilization of the status of the breathing and
blood circulation system require less metabolic cost of regulatory mechanism
during the work under conditions of highlands.
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UDK 519.876

MATHEMATICAL MODELING OF
HYPOMETABOLISM PROCESS TO IDENTIFY
PECULIARITIES OF HUMAN ORGANISM DURING
THE WORK UNDER CONDITION OF HIGHLANDS

I.L. Bobriakova
V.M. Glushkov Institute of Cybernetics of National Academy of Sciences of Ukraine

Introduction: Hypometabolic and hypoxic states are in the focus of attention
of researchers since organism is often impacted by hypoxic factors, particularly
under conditions of highlands, as well as during significant physical loads or some
severe pathologic process.

Hypoxic or exogenous hypoxia is developed during decreasing of partial
pressure of oxygen in inhaled air. During hypoxic hypoxia the arterial oxygen
tension, the saturation of hemoglobin with oxygen and its total content in the blood
are being decreased. Negative impact can be caused also by hypocapnia, developed
as a result of compensatory hyperventilation of lungs. Extreme hypocapnia causes
worsening of blood supply to brain and heart (vasoconstriction) and respiratory
alkalosis. In this connection, it is interesting to investigate the energy reserves of
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organism and the ways of its strengthening under hypoxic conditions.

Problem definition: Investigation of the processes of human organism
breathing system self-regulation represents particular scientific area that is being
widely developed last years as a result of success in mathematical modelling.
However the regulation mechanisms of functional state of human organism under
conditions of highland hypoxia are not sufficiently studied yet. Infeasibility of such
investigations was related with the difficulties of experimental determination of the
several most important parameters and with the absence of adequate mathematical
models for dynamics of these processes.

The main task of this work consists in investigation of the mechanism of
formation of hypometabolic state of human being under conditions of highlands.
Mathematical model of functional systems of breathing and blood circulation has
been used to analyze this phenomenon on system level.

The purpose of this work is to develop and to investigate the mathematical
model of hypometabolism, and to develop the software for execution of computing
experiments with the model.

Results:

1. Developed complex of mathematical model of the gas mass carry process
in organism and software is applied for assessment of the dynamics of functional
state of human being on conditions of work at highlands.

2. Implemented numerical analysis of the models of respiratory exchange
control enables to:

o follow dynamics of the main physiological parameters of the model during
transient processes and in stationary states;

o forecast and quantitatively assess regulatory reactions of the organism
under given disturbances;

e carry out individualization of model developments on condition of
availability of array of data on anatomic-physiological peculiarities of specific
human being.

Obtained results are well correlated with the physiological experimental data.

Conclusions: Presented results of computer analysis of the model demonstrate
that hypometabolism is a pre-requisite for stabilization of organism's state under
highland hypoxia.

Calculations on mathematical model of the process of gas mass transfer with
hypometabolism mechanism demonstrate that stabilization of breathing and blood
circulation system state require less metabolic cost of regulatory mechanisms under
highland conditions.

Keywords: mathematical model, breathing and blood circulation system, gas
tensions, hypoxia, hypometabolism, disturbing impacts, computing experiments.
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