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ARTICLE INFO ABSTRACT

This work aims to develop a mathematical model for computing the distribution of temperature, O,, and CO, in
the human body, depending on the ambient conditions. The body is divided into segments, including layers of
tissues and blood compartments, where mass and energy balances are applied. The inclusion of O, and CO,
transfer mechanisms throughout all segments and tissues of the human body is one of the great novelties of this
work. It also includes the exothermic metabolic reactions in the tissues, the transportation of O, and CO, by the
blood, and the energy exchanged with the environment through the skin and by ventilation. The model also
includes the regulation of metabolism, circulation, ventilation, and sweating, depending on the body tem-
perature and the concentrations of O, and CO, in the blood. The lungs are represented by alveolar and blood
compartments, with diffusion between them. Comparisons with experimental data from the existing literature
show that the proposed model is suitable for representing transient exposure to cold and warm ambient tem-
peratures, low concentration of O,, and high concentrations of CO,. In the end, some results demonstrate the
effect of ambient temperature on the distribution of temperature, O,, and CO, across segments, blood, and
tissues. Shivering in a cold environment reduces the concentration of O, and increases the concentration of CO,
in the muscles, which results in increased ventilation and blood circulation. The concentration of gases in the
skin depends mainly on variations in the skin's circulation with the environment, which alters the availability of
0, and the elimination of CO,. Small variations were found in the concentrations of O, and CO, in the brain and
lungs.
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1. Introduction

The thermoregulatory and respiratory systems are related to the
energy generation processes of the human body. The primary functions
of the respiratory system are to transport O, from the ambient air to the
tissues and remove CO,, from the tissues to the environment. During the
metabolic process, the tissues use O, and produce CO, and energy,
which is converted into heat and work to enable the performance of
activities. The primary function of the thermoregulatory system is to
maintain the body temperature within ranges suitable for its operation.
Several mechanisms in the human body interact with both of these
systems, including blood circulation and pulmonary ventilation, which
are regulated using signals of body temperature, activity level, and
concentrations of O, and CO,.

Most models of the respiratory system found in the literature are based
on the representation of lung, blood, and tissues by compartments, where
mass balances are applied [1]. Between the compartments, fluid flow or gas
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diffusion may occur. This concept is based on the pioneering model of
Grodins et al. [2], with compartments representing the tissues and the lung.
To represent the variation in ventilation and cardiac output, models usually
include equations that depend on O, and CO, concentrations. Several recent
models of the respiratory system have been built, including new features
depending on the application. Among them, there are models to represent
situations of hypoxia and hypercapnia [3-8], periodic breathing and apnea
[9-11], altitude [12,13], and carbon monoxide exposure [14-17].

To represent the behavior of the thermoregulatory system, the
human body is usually represented by segments with internal layers of
tissue [1,18]. Blood circulates between the central region and the tis-
sues by compartments that represent the large vessels. In tissues, tem-
perature variation depends on conduction, blood perfusion, and meta-
bolism, and it is determined by the Pennes eq. [19]. Depending on the
application, equations are included to represent vasomotor mechanism,
sweating, and shivering, which vary depending on internal and skin
temperatures. The pioneering models of Wissler [20] and Stolwijk and
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Hardy [21] are the basis of the models developed to the present day.
Recent models have been developed for different applications, such as
for variations in environmental conditions [22-25], thermal comfort
[26,27], cardiac surgery [28], asymmetric conditions [29], childrens
[30], thermal transients [31], integration with detailed circulatory
system [32], influence of clothes [33], elderly subjects [34], and ther-
moregulatory arteriovenous anastomoses [35,36].

Few authors have developed models that integrate the respiratory
system with the thermoregulatory system, along with the integration of
the transport of heat, O,, and CO,. Downey and Seagrave [37] devel-
oped a model for studying water exchange in the human body. In this
work, the human body was divided into compartments representing the
lungs, the central part, the muscles and the skin. The model included
balances of energy and mass, gas transport equations in the blood along
with temperature effects, relationships between O, consumption and
CO,, and heat production via metabolism, depending on physical ac-
tivity. The authors included controllers for blood flow in the skin and
muscle, ventilation and sweat rate. They calculated the variation of
water in the body by the balance between ingested water, water lost in
urine, water lost in sweat evaporation and wasted water. Model results
were compared with experimental results regarding exposure to hot
environments with and without water ingestion. Ji and Lui [38] de-
veloped a model of the brain with the aim of studying the advantage of
hypothermia during resuscitation of the brain, which decreases O,
consumption, against increased blood viscosity, which decreases blood
flow and O, distribution. The decrease in O, consumption along with
temperature is represented by the Qi effect. The blood vessels were
represented by several compartments arranged in series, with diffusion
to the brain, and transport equations to represent the blood O, trans-
port. Their results, which used sheep data, showed that the effect of
decreasing blood flow is not significant. Gaohua and Kimura [39] de-
veloped a model to study breathing management during a hypothermic
brain treatment. The human body was divided into several compart-
ments, representing the places in which blood and tissues are present,
with diffusion between them. The model included the cooling cover and
the mechanical ventilator used in the treatment. Energy and mass
balances were applied in each compartment. The Q¢ effect and the
transport equations of the gases in the blood were included. The model
was validated in situations of hypoxia and hypercapnia. The authors
concluded that mechanical ventilation during treatment should be
controlled by the amount of cooling, so that the oxygenation of the
brain remains stable.

The present work focuses on modeling the mechanisms of transport
of energy, O, and CO5 in the human body, including the interactions
between them. The proposed model differs from others of its kind be-
cause it considers the segmented body, with the respiratory and ther-
moregulatory systems integrated into each member of the human body.
The development of the model was based on two works carried out by
the group [17,24], including features from several other models.

2. Mathematical model
2.1. Human body geometry

The human body is divided into segments, in the form of a paral-
lelogram or a circular cross-section cylinder (Fig. 1). The segments are
composed of layers of tissues with similar characteristics. The anato-
mical model of Ferreira and Yanagihara [24] was used for the definition
of the segments and the layers, for a male subject, 67 kg in mass, 1.76 m
in height, 1.8 m? of body surface area, and 14% body fat. Table 1 shows
the limits of the tissue layers in each segment.

2.2. Circulation

The blood vessels are separated into small and large vessels. In small
vessels, the temperature of the blood is considered to be the same as
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that of the tissues [40]. An arterial and a venous compartment are
added to each segment to represent the blood that is inside the great
vessels. The circulation of blood in a segment is shown in Fig. 2. In the
trunk, blood circulates from the arterial to the venous compartment
through pulmonary capillary compartments, while exchanging O, and
CO,, with a compartment that contains the gases of the alveolar space.

2.3. Large vessels

From energy balances, the temperature of the blood in the arterial
compartment and in the venous compartment are obtained. They de-
pend on the variation of the enthalpy of the blood stream and the heat
transfer between the compartments:

dT; . ;
Varpb[ cbld—;r = VarPp Chl (Térrl - ar) + Hav (T;Je - ’EN) (1)

Vvepb[ Cbl% = Ppl Cbl(st T; + V\jg Tlﬁ? - Vve 7zze) + Hav (Tar - ve) (2)
where: V,, is the volume of the arterial compartment [m?], from [24];
pp: is the density of the blood, equal to 1059 kg m ™3 [41]; ¢y is the
specific heat capacity of the blood, equal to 3850 J kg ~! K™ ! [41]; T,
is the temperature of the arterial compartment blood [K]; V,, is the
volumetric flow rate of blood through the arterial compartment
[m®s™']; T, is the temperature of the arterial blood coming from the
previous segment or the lung [K]; H,, is the coefficient of heat transfer
between the large vessel compartments [W K11, from [24]; V,. is the
volume of the venous compartment [m®], from [24]; T, is the tem-
perature of the venous compartment blood [K]; V;, is the volumetric
flow rate of blood through the segment small vessels [m®s™11; T is the
average temperature of the segment tissues and small vessels blood [K];
V.. is the volumetric flow rate of blood to the next segments [m> s~ '];
T, is the average temperature of the venous blood coming from the
next segments [K]; and V, is the volumetric flow rate of blood through
the venous compartment [m3s™1].

The concentration of O, and CO, in the blood of the large vessel
compartments are determined by mass balances:

dCq qr

Var dt = Var (C;lar - Cg,ar) 3)
dc, S in .
‘/])g dgtvc = V_W Cg,sv + V;Z Cg,lve - Vve Cg,ve (4)

where: g is the gas O, or COy; C, q is the g concentration in the blood of
the arterial compartment [mol m™3]; C,, o is the g concentration in
the arterial blood coming from the previous segment or the lung
[mol m™3]; Cq, ve is the g concentration in the blood of the venous
compartment [mol m~3]; G, is the average g concentration in the
blood of the segment small vessels [mol m™3]; and G, v is the g
concentration in the venous blood coming from the next segments
[mol m~3].

2.4. Tissues and small vessels

The temperature of the tissues and the blood in the small vessels is
obtained from the solution of the bioheat equation from Pennes [19].
The temperature variation depends on the heat conduction, the blood
perfusion, and the metabolism:

Pr Cz% =k V°T; + Vwalel(Tar -1+ ‘,1\[ 5)
where: p, is the density of the tissue [kg m™3]; ¢, is the specific heat
capacity of the tissue [J kg ~' K~ ']; T, is the temperature of the tissue
[K]; k, is the heat conductivity of the tissue [W m 'K 1 I"/;v is the
specific volumetric flow rate of the blood through the small vessels
[s~']; and g, is the specific heat generation of the tissues [W m™].
Table 2 shows the properties of the tissues used in the present



C. Albuquerque and J.I. Yanagihara International Communications in Heat and Mass Transfer 116 (2020) 104683

2
1 Skin
2 Fat
3 Muscle
4 Bone
5 Brain
6 Lung
7 Heart
1o, y 8 Viscera
o ——— Layer limit
A3 4 ==t —Jd 4 Adiabatic boundary
27 <« ] [ /] — External surface
Fig. 1. Model geometry.
T.ab.Ie 1 . . TRUNK )
Limits of the tissue layers in each segment. Air '1: Alveolar '1:
Arterial compartment < Venous
N (it u.
Segment Coordinate compartment ‘EH_ compartment
Pulmonary capillary
r [em] or x [cm] 0 '], z [em] or y [cm] compartments A A
Blood Blood
Head 5.17 6.15 6.64 7.24 7.51 11920 flow flow
Neck 2.68 5.40 5.71 5.82 8
Trunk 3.68 7.37 8.66 9.41 12.13 13.36 43.7 50.7 60.0
13.58
Arm 1.80 3.54 4.00 4.26 31 I NEXT SEGMENTS (neck, arm and thigh) I
Forearm 1.17 2.51 2.78 3.14 3.35 180 253 287 360
Hand 3.31 9.22 3.15 7.74 9.96 10.55 0.0736 0.205 0.699 1.72 2.21 2.34
10.89 2.42 I I
Thigh 2.68 5.33 5.90 6.15 44 PREVIOUS SEGMENT
Leg 1.43 3.43 3.72 4.12 4.29 45 135 158 202
Foot 0.210 0.680 2.88 7.33 9.53 0.0760 0.246 1.04 2.65 3.45 3.62 SEGMENT (head, neck, arm, forearm, hand, thigh, leg or foof)
10.00 10.21 3.70
Arterial > - 3 Venous
Enpartment compartment
model, which were obtained from literature data. Blood fl]BIood
To obtain the concentration of O, and CO in the tissues and blood flow ow
of the small vessels, a different approach is used. For each type of tissue

NEXT SEGMENT

of a segment, two compartments were included, one for the tissue, and
another for the blood that is inside the small vessel of this tissue. Both
compartments are considered to have the same partial pressure, as in

Fig. 2. Circulation inside a segment.
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Table 2

Tissue parameters (0 [24], @ [41], ® [42], “’Adjusted to ensure coherence results, ® [21], © [43])
Parameter Skin Fat Muscle Bone Brain Lung Heart Viscera
Tissue volume [cm®]®" 245 528 393 860 1514 2481 298 10301
Density [kg m~3]%2 1085 920 1085 1357 1080 560 1080 1080
Basal specific blood flow [em® m~3 s ~1]®%2 362 77 483® 0 9000 14400 5800
Heat capacity [J kg~ ! K~1]1@2 3680 2300 3800 1700 3850 3520 2550 3504
Heat conductivity [W m~! K~1]%2 0.47 0.21 0.51 0.75 0.49 0.28 0.47 0.49
Basal specific heat production [W m ™3] 368 78.249 501® 0 9472 339 24128 38524
Respiratory quotient [—]® 0.85 0.71 0.85 1.00 0.85 0.85

Table 3 in the simulations presented in this paper. Clothes could be added by

Heat transfer coefficients by convection [53], radiation [53], and evaporation
[24].

Segment Convection (h.) Radiation (h,) Evaporation (h,)
[Wm™2K™'] [Wm 2K "] [Wm™?Pa~']
Head 3.6 4.1 0.059
Neck 3.6 4.1 0.059
Trunk 3.2 4.3 0.053
Arm 2.9 5.2 0.048
Forearm 3.7 4.9 0.061
Hand 4.1 4.1 0.068
Thigh 4.1 4.3 0.068
Leg 4.1 5.3 0.068
Foot 5.1 3.9 0.084

[17]. The partial pressure of each gas depends the on variation in
concentration due to the passage of blood, and the CO, production or
O, consumption by the metabolism:

(V 4Contr , o, ng,m')) dFy0)
sv(i) t(i)
dE.) dFy .y ) dt

= st(i) (Cg,ar - g,_w(i)) + flg,t

where: i is the tissue type; Vg is the volume of the small vessel
compartment i [m3] (determined as a fraction of the volume of blood in
the small vessels, weighted by the specific volumetric flow rate through
the small vessels); Cg ;) is the g concentration in the blood of the small
vessel compartment i [mol m~3]; P, y is the g partial pressure in the
tissue and the blood of the small vessel compartment i [Pa]; Vg is the
volume of the tissue compartment i [m3] (volume of tissue subtracted
by the volume of the small vessel compartment); Cg, ; is the g con-
centration in the tissue of the tissue compartment i [mol m ~3]; V(i) 18
the volumetric flow rate of blood through the small vessel compartment
i [m® s_l]; and ny; is the production of g in the tissues [mol s71.

This mass balance equation, as well as some presented in the fol-
lowing sections, depends on the relationship between the concentration
of O3 and CO, in the blood and their partial pressures. For this purpose,
some relationships from the literature were used. They allow the de-
termination of the O, saturation [44,45] and the CO, concentration
[46] from the O, and CO, partial pressures, temperature, and he-
moglobin concentration. This methodology is detailed in [17,47].

Relationships between concentration and partial pressure are also
necessary for the tissues. In this case, the concentration of a gas is
considered to be proportional to its partial pressure, with solubility
coefficients for each type of tissue [48]. In muscles, relationships are
also included to represent the O, linked to myoglobin [49].

The relationship between the heat production, O, consumption and
CO,, production by the tissues depends on the tissue type, and is cal-
culated according to [50], as a function of the respiratory quotient
(RQ.

To describe the energy transfer processes between the skin and the
environment, typical thermal comfort methodologies have been ap-
plied, in accordance with [50], with values found in the literature for
the coefficients of convection, radiation, and evaporation. The fol-
lowing equations show the heat transfer of the body without clothes, as

including their resistances to conduction and evaporation, as well as a
factor for the increase in surface area [51,52]. The heat transfer by
convection and radiation is:

4.+ G, =h(Tyu —T) + h(Ty — T) %)

where: g, is the heat transfer by convection [W m~2]; ¢, is the heat
transfer by radiation [W m™2]; h, is the convective heat transfer coef-
ficient [W m~2 K~ ']; Ty is the skin temperature [°C]; T, is the air
temperature [°C]; h, is the radiative heat transfer coefficient
[Wm~2K™']; and T} is the mean radiant temperature [°C].

The calculation of energy transfer by evaporation is done by mul-
tiplying the maximum amount of evaporation, when the skin is satu-
rated with water, by the fraction of wet surface (w). Analogous to
convection, energy transfer by evaporation depends on the difference
between the water vapor partial pressure on the skin surface (P,,, ) and
in the air (¢qPw, o):

qe = Whe (Pw,sk - ¢an,a) 8)

where: ¢, is the energy transfer by evaporation [W m~2]; w is the
fraction of wet surface [0-1]; h, = evaporative energy transfer coeffi-
cient [W Pa~'.m™2]; P, « is water vapor partial pressure on the skin
surface [Pa]; ¢, is the air relative humidity [0-1]; and P,,, , is the air
water vapor partial pressure [Pa]; The values for the heat transfer
coefficients of each segment are shown in Table 3.

2.5. Respiratory apparatus

The lungs are represented by a compartment containing the gases
from the alveolar space, and several compartments in series containing
the blood that passes through the pulmonary capillaries. The alveolar
concentration of O, and CO, depends on the conditions of the inspired
air and the gas diffusion within the blood in the pulmonary capillaries:

dBa . P, G
Vi—22 =V, 2 (B — Bya) + B, Py Dy ni) Bgepky — Fpa)
dt Poaro 8 [ g Ubar kgl 8L (k) \Lg,cp(k) g ©)

where: V, is the volume of the alveolar compartment, equal to
2481 cm?® [54]; P, 4 is the g partial pressure in the air of the alveolar
compartment [Pa]; V, is the volumetric flow rate of air through the
alveolar compartment (alveolar ventilation) [m® s 1, STPD]; P, is the
barometric pressure [Pal; Py, o is the barometric pressure at sea level
[Pal; P, ;is the g inspired air partial pressure [Pal; f3; is a factor to
convert from molar base to volumetric [STPD], equal to
0.0224 m® mol " ! for O,, and 0.02226 m® mol ~*! for CO.; k is the index
of the pulmonary capillary compartment [1 to 10]; N, is the amount of
pulmonary capillary compartments, equal to 10; Dg 1) is the coeffi-
cient of diffusion of g through the pulmonary membrane
[mol s~! Pa~'], from [17], as a function of cardiac output; and Py ¢y
is the g partial pressure in the blood of the pulmonary capillary com-
partment k [Pa].

The inspired air is humidified in the respiratory tract before
reaching the alveolar space. Its partial pressure is determined by:

PZ;,T = Fg,l (Poar — Ry) (10)
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where: F, ;is the fraction of g in the inspired air [0 to 1]; and P,, is the
water vapor pressure at the lung temperature [Pa].

The use of pulmonary capillary compartments in series makes a
more accurate representation of the pulmonary diffusion, with local
variation of the driving force, allowing for representation common si-
tuations such as the total O, saturation occurring in the first compart-
ments. Venous blood enters the first pulmonary capillary compartment.
Part of this blood (2%) ends up deviating from the lung and mixes with
the blood that leaves the last pulmonary capillary to the arterial com-
partment. As well as the treatment made for the tissues and small
vessels, a tissue compartment is added for each pulmonary capillary
compartment, representing the tissues of the lungs, where metabolism
occurs. The partial pressure of each gas is considered equal in blood and
tissue. The partial pressure of O, or CO, in the pulmonary capillary
compartment is determined by the following equation:

dCe o) dCerk) | WFep(i)
Vep () P ) 3p d
g.cp(k) g.cp(k) t
= Vop (Coptk-1) = Cop0)) + Dg ) Boa = Poop)) + gy an

where: V) is the volume of the pulmonary capillary compartment k,
equal to 140/N,, cm® [55]; C,, ek is the g concentration in the blood of
the pulmonary capillary compartment k [mol m ~3]; V, is the volume
of the pulmonary tissue compartment k, equal to 161/N, em?® (esti-
mated from the other volumes); C, ) is the g concentration in the
tissue of the pulmonary tissue compartment k [mol m™7]; V,, is the
volumetric flow rate of the blood through the pulmonary capillary
compartments [m® s™']; and i) is the production of the gas g in the
pulmonary tissue compartment k [mol s71.

Energy transfer in ventilation occurs along the respiratory tract and
lungs. These locations are represented by seven compartments (Fig. 3).
The first compartment is in contact with the ambient air and contains
gases from the mouth and pharynx. The second contains gases from the
trachea. The third contains gases from the first bronchi and the end of
the dead space. These first three compartments represent the path of the
air during inspiration. The last three compartments (numbers 5, 6, and
7) represent these same spaces during expiration. This separation aims
to simplify the ventilation's periodicity. In this way, ventilation through
the compartments is continuous and always in the same direction. The
fourth compartment represents the alveolar space. The gases are sepa-
rated into dry air and water vapor. The compartments are in contact
with tissues. Between them, there is heat transfer by convection and

A

HEAD © dry air + ‘ 9
\y water vapor ' 2
L [%]
heat + | compartment compartment =
p Al SRR > p 7 -«
water
vapor i A
NECK Y !
compartment compartment
—> N > 5 <«
: )
LUNGS Y !
compartment compartment
—> N > 5 <«
compartment
> 4

Fig. 3. Compartments of the respiratory tract.
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Table 4
Characteristics of compartments used to calculate heat transfer in the re-
spiratory tract [54,56,57].

Compartment Volume [cm®] Superficial area [m?]
1 and 7 22.0 0.00440

2 and 6 30.5 0.00679

3and 5 103.5 0.595

4 2180 70

evaporation of water. The adequacy of these compartments with the
geometry of the complete human body model is made by considering
that the first and last compartments are in contact with the head
muscle, the second and sixth with the neck muscle, and the third,
fourth, and fifth with the lungs. The flow of gases between two com-
partments — or between one compartment and the ambient air - is di-
vided into dry air and water vapor flows.

The flow of dry air between the compartments is determined based
on the relationships between their volumes, noting that the flow
through compartments 3, 4, and 5 is the alveolar ventilation. Their
volumes and surface areas are shown in Table 4. The surface areas of
the compartments (with the exception of the fourth) have been calcu-
lated from the diameters, lengths, and number of branches of the ducts.
The total area for each location is divided between the two compart-
ments that represent it.

The variation of absolute humidity in the compartments is obtained
from the balances of water vapor mass. The balances consider the flow
of water vapor between the compartments and the environment, and
the water vapor from the evaporation process in the tissues. The var-
iation of absolute humidity in compartment i is equal to:

Ma i) % =

dt

it = 1 + 1) (12)
where my; is the dry air mass in compartment i [kg]; @ is the absolute
humidity in compartment i [kg™'1; i, is the flow of water vapor
entering compartment i [kg s~ '; gyt is the flow of water vapor
leaving compartment i [kg s~']; and My, is the flow of water vapor
from evaporation in compartment i [kg s71.

The flow of water vapor generated by the evaporation process, from
the tissues to the compartment, is represented by a diffusion process
proportional to the difference between the absolute humidity of satu-
rated air with the tissue temperature and the absolute humidity of the
compartment:

M@y = Dr Ay (Wsary — @) 13)

where D,, is the diffusion coefficient in the respiratory tract
[kg m~2s71; Ay is the compartment superficial area [m?]; and Wsar(i)
is the absolute humidity of saturated air with the tissue temperature
kg~ '1.

The determination of the temperature variation in each compart-
ment is obtained by applying energy balances. It includes the flow of
dry air and water vapor between compartments or with the environ-
ment, the heat exchanged by convection with the tissues, and the water
evaporation energy. The temperature variation in the compartment i is
obtained by the following equation:

dT(i) - in - out
=Hg — Hy —

ma) Cv(i) a

g e + da 14)
where my; is the mass of dry air and water vapor in compartment i [kg];
Cy() is the specific heat capacity at constant volume [J kg~ * K™ ']; T, is
the temperature in compartment i [°C]; H(’,')' is the enthalpy of the fluid
entering the compartment i [W]; H(‘:;‘ ' is the entalphy of the fluid
leaving the compartment i [W]; hy is the specific enthalpy vaporiza-
tion with the temperature of the compartment i [J kg_l]; and da) is the
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heat transfer between the compartment i and the tissues [W].
The mechanisms of heat transfer between the tissue and the com-
partment are grouped and represented by:

4oy = UnAny (Toy — Tiy) (15)

where U,, is the global heat transfer coefficient between the tissue and
the compartment [W m~2 K~ !1; and Ty is the temperature of the
tissue connected with the compartment i [°C].

The value of the heat transfer coefficient (U,) was considered to be
equal to 10 W m~2 K~ '. This value was determined with data from
[58] for different branches of the respiratory tract. The value of the
diffusion coefficient (D,;) is 3 x10~® kg m~2 s~ 1. It was estimated
aiming to obtain the total value of heat transfer in the respiratory tract
from [59]. This methodology leads to total values of energy transfer
through ventilation similar to those obtained with the typical proce-
dures used in thermal comfort applications [50,60].

2.6. Metabolism

The metabolism of muscular tissues may vary due to physical ac-
tivity and shivering. Moreover, all tissues include the Q; effect, which
represents the effect of temperature on the intensity of metabolic re-
actions (metabolism doubles with a 10 °C rise in temperature) [22,61].
The specific heat generation in muscle is:

a\m = é\m,o 20n=Tin0)/10 4 é\sh + é\ar (16)

where: g, is the muscle specific heat generation [W m™>]; qu’O is the
basal muscle specific heat generation [W m™~>1; T,, is the muscle tem-
perature [°C]; T, o is the basal muscle temperature [°C]; qASh is the in-
crease in muscle specific heat generation due to shivering [W m™>];
and g, is the increase in muscle specific heat generation due to physical
activity [W m~3].

To represent the shivering, the model of Tikuisis and Giesbrecht
[62] was used, where the increase in metabolism depends on the in-
ternal temperature and the average skin temperature:

Ay = Zsn(1) (Tzi;f = Tiy) + &ue» (T = Ty) - 8 (3) (T — Ty)? 17)

where: g, is the increase in muscle heat generation due to shivering
[W]; gna) &shezy and gesy are constants, equals to 74.81 W K},
22.61 WK™', and — 0.756 W K™% T, is the reference temperature of
the hypothalamus, equal to 34.3 °C; Ty, is the temperature of the hy-
pothalamus [°C]; T« is the reference skin temperature, equal to
34.3 °C; and Ty is the average skin temperature [°C]. The average skin
temperature depends on the number of sensors in each segment. It is
calculated using the weighting factors from [61]. The reference tem-
peratures were determined from the thermal neutrality conditions of
the present model (without regulators acting). The maximum possible
value for this increase in heat generation was set to 429 W [24].
Shivering acts with different intensity in each part of the body. To
obtain the specific heat generation for each segment (quh), the value

Table 5
Muscle volumes and fractions at which shivering [61] and physical activity [63]
act in each segment.

Segment  Volume of muscle Shivering fraction Physical activity
[em®] [0-1] fraction [0-1]

Head 393.77 0.0339 0.0

Neck 552.36 0.0436 0.0

Trunk 12,904.32 0.9025 0.3

Arm 817.33 0.00235 0.025
Forearm  503.91 0.00145 0.015

Hand 255.26 0.0002 0.005

Thigh 2934.14 0.004 0.21

Leg 1219.19 0.00165 0.09

Foot 550.96 0.00035 0.005
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obtained by the eq. 17 (qy,) is multiplied by the fraction at which the
shivering acts on the segment, before being divided by its muscle vo-
lume. The values of these fractions and muscle volumes are shown in
Table 5. The increase in specific heat generation due to physical activity
is determined by the same procedure. The increase in the body's heat
generation is multiplied by a fraction for each segment (Table 5), and
divided by the volume of muscle.

2.7. Circulation

The regulation of blood flow in the small vessels acts differently
depending on the type of tissue. Its input signals come from the con-
centrations of O, and CO, (chemical effect), temperature (thermal ef-
fect), and metabolism. The following equation shows the blood flow in
the small vessels in a generalized way for all types of tissue:

st = st,of;hf;h + Viner (18)

where: V, is the specific blood flow in the small vessels [m® m ™3 s~ ];
12‘,,0 is the specific basal blood flow in the small vessels [m®> m ™2 s~ 1];
fen is the chemical effect factor [dimensionless]; f,, is the thermal effect
factor [dimensionless]; and 1’7;,[9, is the increase in specific blood flow
due to an increase in metabolism [m® m~2 s™!]. The lower limit for
blood flow in the small vessels is 25% of the basal blood flow, and the
upper limit is 10 times the basal blood flow [24].

To represent the influence of O, and CO, on the variation in small
vessels blood flow, the model developed by Ursino et al. [3] were used.
The O, acts on all types of tissue, while the CO, acts only on the brain.
The effect of O, on circulation depends on the arterial Py,, while the
effect of CO, depends on the arterial P¢o,. These partial pressures were
obtained by the volumetric average of the arterial compartments of the
segments. The following equation is used to represent the O, effect:

;o
Yo, = Croqy [ePO2ar/e@) — POy 5] 19)

where: vy, is the effect of the O, on circulation [dimensionless]; cq(1)
and cg(2) are constants, equals to 17.0 and 1490 Pa; Po,, o is the arterial
blood O, partial pressure [Pa]; and Po,, o is the basal arterial blood
O, partial pressure, equal to 12.66 kPa (95 mmHg).

To represent the effect of CO, on the brain, the following equation is
used:

e + /(L + G %O 8Peorar)
Peo, = -

- 1
of
Cre(3) + Cfc(4)/(1 + Cre(s) eCfe(6) 10g(PgOz,ar)) (20)

where: yco, is the CO, effect in circulation [dimensionless]; cx(s), Cre(4
Cs(s) and c () are constants, equals to 20.9, 92.8, 10,570 and — 5.251;
Pcos, o is the arterial blood CO, partial pressure [Pal; Pcoo, o is the
basal arterial blood CO, partial pressure, equal to 5.33 kPa (40 mmHg).

These equations show the control static response. The dynamic re-
sponse of the model is obtained after including a first-order time delay,
with time constants equal to 10 and 20 s for the effects of O, and CO,
[3]. The chemical effect factor (f.,) is calculated by adding 1 to the
effect of O,, also adding the effect of CO, if the tissue is the brain.

Specific muscle blood flow is mostly related with metabolism. Its
increase in relation to the basal value was considered to be directly
proportional to the increase in the muscle's heat generation due to
physical exercise, according to the following equation:

Vmet = Cmet A‘/].\m (21)

where: ¢ is a constant, equal to 2.914 x10~7 m® J~!, which was
obtained from interpolation of experimental data from [64]; and Aqu is
the variation in specific muscle's heat generation from basal conditions
[Wm™3].

To determine the effect of temperature variation on blood flow in
small vessels of the skin and muscle, some relations from Wissler [65]
are used. The flow variation includes factors for the effects of internal
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temperature (f;), average skin temperature (f;; ), local skin temperature
(f«), and physical activity (f,). The thermal factor (fi) is found by the
multiplication of these factors. In muscles, the thermal effect works
only during vasoconstriction (f, < 1). The physical activity factor only
acts on the skin.

The internal temperature effect only acts when the temperature is
higher than the reference (f; = 1). Considering the temperature of the
hypothalamus as representative of the internal temperature, this factor
is calculated by the following equation:

fi=14+cnqylTy — T;f;f — ey (T — T (22)

where: cgy1) is a constant equal to 4.6 °C™*, obtained by analogy with
the model from [66]; and ¢y is a constant equal to 0.05.

The factor that represents the effect of the average skin temperature
is represented by the following equation:

_ Che + tanh ¢y, (T — Cmcs))]
Cih(6) (23)

s

where ¢(3), Cincay, Cenes), and Cey are constants equal to 1.422, 0.275,
32, and 2.018, respectively.

The factor for the effect of local skin temperature is considered to
vary linearly, with the slope depending on the skin temperature range:

S = € Tk — Cins) 24)

where: T is the local skin temperature [°Cl; cp(7) and cps) are con-
stants, equals to 0.03857 and 0.3 if Ty < 35 °C, equals to 0.56 and
18.55 if Ty > 35 °C and Ty =< 37 °C, and equals to 1.4525 and
51.5725if Tg. > 37 °C.

The physical activity factor (f,) depends on the increase in heat
generation due to physical activity:

Ju =1 = cne) Qo (25)

where ¢y is a constant, equal to 6.455 x 10~ %,
2.8. Ventilation

The model of Longobardo [7] was adopted to represent the effect of
0O, and CO,, on ventilation. Due to the location of the chemoreceptors in
the body, the effect of the gases is separated into two parts: central and
peripheral. The former is sensitive to the Pco, of the brain. The latter is
sensitive to gaturation of Oz and P, of arterial blood. The alveolar
ventilation (V) is equal to the sum of the effect of these two parts. The
constants were correct from the original model to represent the alveolar
ventilation in STPD.
The central part is determined by the following equation:
cv) (Pcoy,br — ngz,br) ifPeoy br > PR b
Ye= )% ifPeoy,ur < PlGy b

CO2,br (26)

lim ref
vy Pcoy,br — Pedbr

where: Vi is the central part's contribution to alveolar ventilation
[L min~?, STPDJ; ¢, is a constant equal to 0.988 L min~! mmHg ™ %;
Pcoa, br is the brain's CO, partial pressure [mmHg]; Pcoz, o is the

reference brain's CO,, partial pressure, equal to 44.35 mmHg; and Pcop,
'™ is the limit brain's CO, partial pressure, equal to 47.9 mmHg.

The peripheral part to ventilation includes the effect of Oy:

Cv(2) (S[)eiay = Soz,ar)(Pcoyar — P(yje(j)z’b,-) e ifPcoyar 2 Pgénz,ar
Vp = . Pcoyar
[ev2) (Sée'zf,a, — Soy,ar) PEBy ar — Péeofzby) - o)l ,imz -

COp,ar

. i
1fPC02,ar < PC"Onz,ar

(27)
where: V5 is the peripheral part's contribution to alveolar ventilation
[L min~!, STPD]; cwzy and c,3 are constants, equals to
7.79 L min~ ! mmHg ' and 0.898 L min~; Soo, o is the reference
arterial O saturation, equal to 101.72%; So2, o is the arterial O,
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saturation [%]; Pcoo, o is the arterial CO, partial pressure [mmHg];
Pconar? is the reference arterial CO, partial pressure, equal to
31.123 mmHg; and Pcoz,a,l""' is the limit arterial CO, partial pressure,
equal to 38.5 mmHg.

A first-order delay (common in models of the respiratory system)
was included for each part, with time constants of 60 s for the central

part and 7 s for the peripheral parts [3].

2.9. Sweating

Sweating was determined in the same way as Ferreira and
Yanagihara [24], to determine the wet fraction of the surface of each
segment. The fraction of wet surface depends on the relationship be-
tween heat loss through evaporation and its maximum capacity:

4,
W = Wyip + (1 — Wpin) ——
qe,max (28)

where: w is the fraction of wet surface [0-1]; Wy, is the minimum
fraction of wet surface, equal to 0.06 [50]; ¢, is the heat lost by eva-
poration [W m~2]; and Gy may 18 the maximum capacity of the heat lost
by evaporation [W m ™ 2], when the fraction of wet surface is equal to 1.

The relationship developed by Nadel et al. [67] was used to de-
termine the heat loss by evaporation. It includes the effects of internal
temperature and both average and local skin temperatures. Dependence
on the local temperature value makes sweating different between seg-
ments. The following equation represents heat loss through evapora-
tion:

. P _qref
4, = csq) (Thy — T;f;f) + ¢y (T — TiF)eTam T 10 (29)

where c41y and c42) are constants equal to 197 and 23 W m-2°C7},
respectively. The same basal references values as those described above
are used.

2.10. Solution

To simulate the proposed model, an object-oriented C+ + program
was developed. For the heat transfer partial differential egs. (5), the
finite volume method was applied [68,69], with Cartesian or cylindrical
coordinates. The discretization had 5 to 10 elements in each layer of
tissue, determined via tests of the mesh to ensure negligible dis-
cretization errors.

The backward Euler method was applied to solve the ordinary and
partial differential equations along time. For a new time instant, the
temperatures and concentrations of O, and CO, are calculated in an
implicit scheme:

X = Xe_ar + ALf () (30)

where: x, is the variable at the new time step; x,_ 5, is the variable at the
last time step; At is the time step [s]; and f(x,) is the differential
equation (dx/dt). A time step of 1 s was used.

To find the values of the variables at this new instant of time (x,), an
iterative method was used. The new values of x, are calculated using the
last values of x;, until the relative errors between all the new and old
values are less than 10~ °. Under-relaxation was included to calculate
this new value, to improve the stability of the solution. The value for a
new iteration is:

X+ = aXy + (1 — O)X-1) 31

where: X, 1) is the variable value that will be used as the input in the
next iteration; a is the under-relaxation factor, equal to 0.1; X, is the
variable value calculated in the actual iteration; and x,;_1) is the
variable value calculated in the last iteration.
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3. Results and discussion

The following sections present the model simulation results and
compare them to experimental data found in the literature for condi-
tions of exposure to cold and warm ambient temperatures, to low O,
and to CO,. Furthermore, a discussion is conducted regarding the in-
fluence of the ambient temperature on the distribution of temperature,
0,, and CO, over the entire body.

3.1. Exposure to a cold environment

Raven et al. [70,71] carried out cold exposure experiments with 11
subjects. The subjects were dressed only in athletic shorts. First, they
stayed resting in a supine position, with air temperature of 28 + 1 °C
and relative humidity of 45 = 2%. After some time, the subjects were
moved to a neighboring chamber at 5 + 1 °C and 70 = 2% relative
humidity. Measurements were taken every 10 min. The heat production
was estimated from the respiratory gases and flow. Skin temperature
was measured in several places, in addition to the internal temperature
(rectal). The graphs in Fig. 4 compare the model's simulation (lines)
with the experimental data (points) with the standard deviation be-
tween the subjects (error bars), for the internal temperature, the skin
temperature at some positions, and the heat generation. In the simu-
lation, the subject was nude with a resting activity (40 W m™~2).

cold environment (5 °C)
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Fig. 4. Comparison of the internal temperature and some skin temperatures (a)

and the metabolic heat generation (b) from the present model (lines) along with
the experimental data from [70,71] (points).
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Fig. 5. Comparison of the internal temperature (a), the average skin tempera-
ture (b) and the heat lost by evaporation through the skin (b) from the present
model (lines) with the experimental data from [72] (points).

The internal temperature exhibited a small increase during the cold
exposure. This increase is mostly due to the effects of shivering and the
vasoconstriction regulation mechanisms. The skin temperatures de-
crease during the cold exposure, because of the proximity to the am-
bient environment. The model was able to simulate the behavior of the
temperatures, as well as the increase of the metabolic heat production.
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3.2. Exposure to a warm environment

Stolwijk and Hardy [72] performed experiments with three subjects
to study the response of the human body during exposure to a warm
ambient temperature. Two chambers with controlled temperature and
air humidity were used. One chamber was at 28 °C, while the other was
kept at warm ambient conditions. The subjects were connected to
thermocouples and then remained quiet for two hours at a neutral room
temperature. After the measurements began, subjects remained for one
hour in the neutral chamber, then for two hours in the warm chamber,
and then returned to the neutral environment for another hour. The
temperature of the neutral chamber was about 28 °C with humidity of
40%. The tests were carried out with four different temperatures of the
warm chamber. Each subject engaged in the test twice for each warm
temperature. The internal (tympanic and esophagus) temperature was
measured, as well as the skin temperature in 10 different locations, in
order to estimate an average value. The metabolism was calculated
from measurements of respiratory O, and CO,. The energy lost via
evaporation through sweating was determined by continuously mea-
suring the body mass variation.

The graphs in Fig. 5 present comparisons of the experimental results
from [72] with the results from simulations of the model. For the si-
mulations, the same air temperature and humidity of the experiments
were used, with the body nude with a resting activity (44 W m~2). The
behavior of the simulations was similar to that of the experimental data
for average skin temperature, internal (esophagus) temperature, and
evaporation energy. All values exhibited a larger variation for higher
ambient temperatures. A discrepancy was observed in terms of average
skin temperature between simulation and experimental data; never-
theless, the variation of the skin temperature is very small.

3.3. Exposure to low amounts of O,

Reynolds and Milhorn Jr. [73] carried out experiments in which 10
subjects were exposed to fractions of 9, 8, and 7% of O,. For the
measurements, a circuit was used where the air breathed by the subject
was collected. Ventilation, respiratory rate, tidal volume, and alveolar
Pos and Pcp, were measured continuously, then grouped in averages
every two minutes. Exposure to low O, fractions (in nitrogen) lasted
10 min. Subjects remained in a comfortable reclining chair during the
experiment.

Fig. 6 presents comparisons of the model simulation results with the
experimental data for alveolar Py, and Pco, and minute ventilation. In
the simulation, a neutral environment (operating temperature of 30 °C
and relative humidity of 50%) was assumed, at sea level, with the
subject nude and quiet (metabolism of 44 W m ™ 2). The behavior of the
alveolar Py, observed in the simulation was similar to that observed in
the experiment during the exposure. In recovery after hypoxia, the al-
veolar P, from simulation returns to the initial value faster than is the
case for the experimental one. The shapes of the simulated and ex-
perimental alveolar P¢o, are similar for all levels of hypoxia; however,
the simulation values are lower than the experimental values at all
times. The drop in alveolar P¢o, during hypoxia occurs mainly due to
the ventilation increase, which is a body response to increase the
amount of inspired O,. As a consequence, the body increases its ability
to eliminate CO,. Moreover, the simulation results for the ventilation
were very similar to the experimental results.

3.4. Exposure to CO,

Reynolds et al. [74] conducted experiments with ten subjects to
analyze the alveolar Pg,, the alveolar Pco,, and the ventilation beha-
viors during hypercapnia. The subjects breathed a mixture of air with 3,
5, 6 and 7% of CO, for 25 min. The experiment was performed with the
same experimental apparatus and the same subjects as the experiment
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described above [73]. The experimental methodology was also the
same.

Fig. 7 presents a comparison of the model simulation results with
the experimental results. For the simulation, the conditions were an
operative temperature of 30 °C, relative humidity of 50%, nude, at sea
level, with the activity of a sitting and quiet person (60 W m™2). The
alveolar Py, exhibited a significant increase during the exposure, mostly
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Fig. 8. Distribution of (a) temperature, (b) Po,, (c) Pco,, and (d) regulatory
mechanisms for operative temperatures of 20 °C (V), 30 °C ([), and 40 °C (4),
with average values for the tissues and blood of all body segments. The legends
for (b) and (c) are the same as (a).

CO,, for a longer time. Although they did not appear at the experimental
points on the graph, their authors argued that post-hypercapnia sub-
signs existed for exposures at 5, 6, and 7% of CO,, when results are
observed continuously rather than with mean values.

3.5. Air temperature effect on temperature, O, and CO, distribution

The results of this section (Fig. 8) are intended to show the changes
in the human body, under a steady state, for three different operating
temperatures: 20, 30 and, 40 °C. The first results, as shown in Fig. 8a, b,
and c, present the average values for temperature, Pp,, and Pcoo, re-
spectively, in the blood and tissues of all the segments. The blood and
tissues of each segment are grouped. For an operative temperature of
20 °C, the average values are represented by upside-down triangles, for
30 °C by squares, and for 40 °C by regular triangles. A filled line be-
tween the minimum and maximum value for each tissue is included to
clearly show its variation with the ambient temperature. In addition to
these, the results show the behavior of the regulatory mechanisms
under these conditions (Fig. 8d). The relative humidity was considered
to be 40%, and the body was considered to be resting (45.6 W m~3?),
nude, and at sea level.

The arterial blood exhibits a small variation because it is mostly
influenced by trunk temperature. Moreover, the venous blood exhibits a
more significant variation because it is formed by blood returning from
the tissues. The arterial and venous blood temperatures in the trunk,
neck, and head are practically the same under all ambient conditions,
because of the large blood flow close to the core of the body. The brain
and lung temperatures are also almost the same. The temperature
variation is larger the more extreme the segment is. These results show
the body's ability to maintain its most vital parts under stable thermal
conditions.

When the ambient temperature is equal to 20 °C, the decrease in the
temperature of the tissues causes an increase in shivering. This ends up
increasing the metabolic activity in the muscles, resulting in a greater
demand for O, and an increase in the production of CO,. This perfor-
mance is evidenced by the decrease of Py, as well the increase of Pcoo
in the muscles of the trunk, neck, and head, which are the body parts
most affected by shivering. Similar variations are found in light activ-
ities, such as the intramuscular Po, and Pcp, of 11.6 mmHg and
50.4 mmHg, respectively, found by [75] in handgrip exercises. To in-
crease the availability of O, and the elimination of CO,, the body works
to increase the blood flow to the muscles and ventilation. Increased
ventilation on exposure to cold was observed by [76] in studies of
immersion in water at different temperatures. In the cold environment,
skin vasoconstriction decreases the availability of O, that comes from
blood, and the Py, of the skin ends up decreasing. The elimination of
CO,, by the blood also decreases, resulting in an increase in the skin's
Pcoo. As the increase in blood flow to the muscles is greater than the
decrease in the blood flow to the skin, the cardiac output ends up in-
creasing. The Pp, and Pcp» of the most vital organs, such as the brain
and lungs, exhibit small variations with room temperature.

With the environmental temperature at 40 °C, the body increases
the sweat and skin blood flow, to intensify the energy transfer with the
environment. The increase in energy transfer associated with the eva-
poration of sweat needs to balance the heat transfer by convection and
radiation from the environment to the body, since the temperature of
the environment is higher than the temperature of the skin. Py, and P¢o,
have little variation in relation to the 30 °C environment. The most
significant variation occurs in the skin, where vasodilation increases the
availability of O, and elimination of CO, from the blood, resulting in
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increased Po, and decreased Pco,. The increased blood flow to the skin
leads to increased cardiac output.

The response of the model had a behavior similar to the experi-
mental results of Wener and Reents [77], obtained with six subjects in
the same environmental conditions as the simulations, with measure-
ments in different places of the body. The skin temperature was mea-
sured at points that are representative of the model's segments (except
the neck). The average values of these points were 27.0, 33.7, and
36.5 °C for ambient temperatures of 20, 30, and 40 °C, respectively The
average values achieved by the model were 27.9, 33.3, and 35.4 °C. For
blood flow, the mean experimental values (trunk and forearm) were
172, 439, and 1661 m® cm ! s !, while the model had values of 247,
451, and 2249 m® cm ™! s, For the energy exchanged by evaporation
in the skin, the average experimental results (head, trunk, arm, hand,
leg, and foot) were 7.9, 15.4, and 76.9 W2 for the three ambient
temperatures. The model reached the values of 10.4, 12.7, and
81.6 W2

4. Conclusion

This work presents the development of an integrated model of the
human body thermoregulatory and respiratory systems. The model al-
lows the determination of the distribuiton of the temperature, O, and
CO, in blood and tissues. Its behavior is influenced by the ambient
conditions and the physical activity level.

Comparisons with literature experimental data under transient state
reveal that the model is suitable for representing the effect of exposures
to different ambient conditions. The results show either an increase in
muscle metabolism due to the shivering in a cold environment or an
increase in energy lost through evaporation in a warm environment.
Other results show the increase in ventilation to satisfy the tissue re-
quirement for O, when its concentration in the inspired air is low, or to
increase CO, elimination when its concentration in the air is high.
Moreover, the results show the temperature, O, and CO, distribution
for different air temperatures. The body exhibits small temperature
variation in the central segments, and more significant variations in the
more extreme segments. Finally, the amount of O, and CO, exhibits
larger variations in a cold ambient temperature, mostly due to the
shivering. It is worth noting that the latter results would only be pos-
sible with an integrated model.
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