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Abstract

The present study describes variational finite element methtodne dimensional heat transfer modiel
based on time independent sweating responses. The Pennelswitbhdmixed boundary condition is
considered for describing comparative temperature psafifdhuman females luteal and follicular phases

of menstrual cycle and temperature profiles of malésman dermal region under consideration is

divided into six parts along with fatty and muscle paftsubcutaneous tissue (ST). Sweat rate of femjales
is lower as compared to males owing to a lower demsigweat glands and different hormone pattefns.
Sweating is considered as a heat loss within the bodypfyscal and physiological parameters in each

layer that affect the heat regulations in human bodyakentas a function of position. The steady state
analysis delineates that during the luteal phase fentagse temperature is higher as compared to
follicular phase of the menstrual cycle. These temperatare less as compared to males body
temperatures when atmospheric temperafyréalls below the body core temperature. But the tissue
temperature of females luteal phase is slightly higheroagpared to males whefi, exceeds the body
core temperature. The result may be useful to studyntddedehavior of the biological system.
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1 Introduction

The body is basically an isothermal system as the eonpdrature is maintained 37°C over a wide range of
environment conditions and during exercise. Analysis aat t@ansfer of biological bodies consists of

determination of system parameters, such as thermaluctiwity, blood perfusion, and metabolic heat

generation. Sweating is absolutely essential to survivehiot @nvironment. The purpose of sweating is to
facilitate heat removal from the skin when convective and aatiie heat transfers are inadequate. In
humans, increasing the sweating rate is the main Wajissipating excess heat from the body during
exercise in a warm environment, since the evaporation oétsisethe only way to lose heat when the

ambient temperature is higher than the skin temperature.

The dimorphism in body structure, limb proportions, surfaea, insulating muscle and fat mass, thickness
distribution between males and females, results in fsnataintaining a lower skin blood flow and,
consequently, lower skin temperatures.

Body temperature is sensitive to many hormones; fenfeles a temperature rhythm that varies within the
menstrual cycle. The changing rate of sex hormone releaisg dne menstrual cycle and ovulation periods
modifies thermoregulation in females. Females' follicplaase releases estrogen hormone which cools the
body temperature before ovulation. Likewise, luteal phasduses progesterone hormone, it warms the
body temperature after ovulation and until menstruation The core temperature is around ~0.3-0.6°C
higher during the luteal phase relative to the follicythese [2]. The rise in plasma concentration of
progesterone during the luteal phase of menstrual cycle rdsultee increment of females’ body
temperatures comparison with the follicular phase [3].

The body mass represents the capacity of the body to stareThe amount of body surface area exposes to
the external environment, determine the heat exchange betheakih and ambient temperature such as
high body surface area and body mass generally assowaigiteldigher skin temperature. In general, females
have less body mass and less body surface area comparedles. Larger surface areas allow more
molecules to leave the liquid than smaller one, andetber sweat occurs more rapidly in males. Metabolic
energy expenditure is proportional to body mass. Lower ohtaetabolic heat production elicit a lower
sweat rate in females. So the body mass and surfaadsatke physical parameter associated with lower
sweat rate in females.

The physiological parameter associated with lower svegatin females is due to less thermal sensitivity of
the response and delay sweating. Menstrual cycle is abnthe major physiological differences in
temperature regulation of females than males. Severabrautbported that females have a relatively lower
sweat rate in heat during both rest and exercise [4].

Nodal et al. [5] conducted a study on the importance ofsiie temperature in the regulation of the
sweating. They concluded that at a constant skin temperasweating rate is proportional to core
temperature. Conversely at a constant core temperateatisg is proportional to skin temperature. Also
the local sweating depends on the local skin temperaturegofea combination of core and mean skin
temperature.

Sweating is one of the effective thermoregulatory praesden the body is in hot condition of heat strain
caused by hot ambient conditions or a high metabolic Thi sweat rate is calculated as a weighed mean
value of the body core and skin temperature. The plaugibktien for the sweat rate for males is [6].

E =8.47x07%{(0.1 X Ty, + 0.9 X Tp,) — 36.6 °C} (kg/m?/sec) 1)

Where,Ty, = T, (Initial nodal Temperature},, = 37° (Body Core Temperature).
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The sweat rate in females is smaller compared to smdle to the lower density of sweat gland and
hormonal pattern in females. So, it is reasonable topathe value 0.7 instead of 0.9 in equation (1) for
females [6].

Research on thermoregulation in human is extensive and baslibgted to a homogeneous population
consisting mainly of males. Earlier models have notngited to delineate the differences in
thermoregulation between males and females. So the praseliyt focuses on mathematical model of the
body temperatures in males and females due to sweatipgnsess for thermal sensitivity. The sweating
responses in females are observed during menstrualinyateal and follicular phase.

2 Bio-heat Equation and Boundary Conditions of the M odel

The governing differential equation that represeghtsbio-heat transfer in the human skin which is
used to model the thermal behavior of skin tissueviergby [7].

pe Il = V.(KVT) + ppwycy(Ty = T) + )

where p(kg/m?) is the tissue density,(J /kg°C) is the specific heal;(°C) is the local tissue temperature,
tis the timeK(w/m°C) is the tissue thermal conductivityy, (m3/s/m?) is the blood perfusiom,(kg/
m3is the density of blood;4//44°C is the specific heat of blood7z is the arterial blood temperatutg,
(w/m3) is the metabolic heat generation in the bdd{w /m3°C) = p,w,c,).

If the outer surface of the body is exposed to the environthen the heat loss caused via convection,
radiation and sweat evaporation. So mixed boundary conditider study is given by:

oT

r, K =h(T—T,) +oe(T* —T*) + LE (3)

an at skin surface

where,h(w/m?2°C) represents heat transfer coefficient between skid environmentT,,(°C) is the
atmospheric temperature(5.67 x 10~8w/m?°C*) is the Stefan Boltzmann constaijs emissivity
of the skin surface emissivity of the surfaé€j/kg) is latent heat of evaporation andgiGg/m?/
sec evaporative heat loss between skin surface and@ment.

Also the human body maintains its core temperaatra uniform temperature at 37°C. Therefore, the
boundary condition at the inner boundary for oneetisional case is taken as:

I,: T,=37°C (4)
Where,T, is the body core temperature.

The nonlinear radiation term in the boundary coiodit(3) is treated by using iterative procedure as
follows [10]

KT = [h 4 os(Ty + T,)(T7 + T2](T; ~T,) + LE )
" lat skin surface
_Kaainl =h (T = T,) + LE (6)

at skin surface

where,

her = h +oe(TP1 + T,) ((TP~1)2 + T2)

hcr = hconvection + hradiation
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whereT! are temperature sequences for n = 1, 2, 3, ... BHhapresents an initial guess of
temperature. The iteration is completed when theveogent condition is satisfigf@® — TP~2|| < §,
whered is iteration tolerance.

3 Skin Geometry and Assumptions

For the purpose of modeling, one dimensional skiyets are divided into six regions. The thickness
of stratum corneum, stratum germinativum, papillary amegireticular region, fatty and muscle layers of
subcutaneous tissue (ST) have been considered Bs- i, I3 — I, I, — I3, Is — 14, ls — ls respectively and of
T1, To, Ta, T4, Ts and T = T, are the nodal temperatures at a distances x = O, X=Ib, X =k, x =, X =k

and x = §. Temperatures ¥, i=1, 2, 3, 4, 5, 6 be the linear shape function in each gpeending on the
thickness of layers.

To

Iy l I T

Iy T, T@

Stratum Corneum

Stratum Germinativum

T, T@ Papillary Region

Reticular Region

4)
I T, T( )

=

Ts T®
Y

Te T® } Muscle Layer of ST

A

Fatty Layer of ST

Fig. 1. Schematic diagram of human skin layers
The anatomical structure of human dermal part makes ibmaebke to consider M and S zero in stratum
corneum. In the model, the thermal conductivity in the lagémdermal part is considered as constant. All
the assumptions for parameters in the layers of dermat@atte summed up as:

Table 1. Assumptionsfor the parametersin the layers of dermal part

Quantity I T Ta K M S
Outerboundar T - - - -
Stratum corneunfosxsl, ) lo T<1):TO+T1|-T0 . Ta(1)=O K@ @ M= g
1
Stratum germinativum I 2) oI, T, T (2)_ (2) (2) _ _
(st 9 2 @ 2;_'1 2*1—F22—11X T,7=0 K M =0 S(Z):{L:l] s
1772 671
i i ITo=1 1o To-T 3 3
Paplllary reglon(|2sxs|3) I3 T(3) _ 3|§_|§ 3, ;_ 22X Ta( )=Tb K( ) M(3) =[ X_IZJ y 8(3) :[X;:l} S
I 6711
672
i i I T F g T, T 4 4
Reticular I’eglon(lssxsl4) I4 T(4) _ 4,3_,2 4, :_ 33)( Ta( ):1;) K( ) M(4) =[X—|2 " S(4) :{x;:l] s
la—l 6711
672
IeT,=I e Te-T 5 5
Fatty part olsubcutaneou s 1® _slaldls TsTa Ta( )ﬂL ® NORESPIN FONESAN
5 574
tlssue(|45xs|5) 54 ls712 671
Muscle part of subcutaneouslg (6 :IGTS-I5T6+T6-T5X B O B (O s®_g
tissue (g<xs<lg) l6ls 67’5 a °
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4 M athematical Solution of the M odel

Using Euler-Lagrange formula in equations (1), (2) andv¥g@get following variational integral form of bio-
heat equations (7) and (8) for the case of males anddemespectively.

O 2
Ir(s;les :; © [K(e) (dgx ) + M(e)(Ta _ T(e)) _ 25(e)Te] dx + i [hcr(T _ Tw)z +
2847« 10- 5(0.170+0.976—- 36.6)L )

ar©\? 2
emates =3 Jico [K(e) (=) +MO(1, - T©)" - 25<e>Te] di + 2 [he, (T = T,)* +

28.47% 10~ 5(0.170+0.775~ 36.6)L (8)

where, | is the thickness of the skin of the (e) elements.

We write,
Inate = Zg=1le A)
Ifemale = Zg=1 I, ('(b)

where, | for stratum corneum, for stratum germinativumg lfor papillary region, 4 for reticular region, sl
for fatty layer of subcutaneous tissue anfbi muscle layer of subcutaneous tissue.

Lax-Milgram TheoremilLet V be a Hilbert space and a (.,.) is a symmetricahtinuous and coercive
bilinear form. The functionallllV", dual space of V, there exists uniquéluv such that a (u, v) =I(v) for
all vV and, u is given bynin

vOH {% a(v,v)=1(v),

where the test function v is some variation of actual smiuii

The application of Lax-Milgram theorem in equatiofi® and (8) guarantee the existence of the
unique solution T in skin tissue layers. We differatatisystem of equations obtained from equations (7)
and (8) with regard to the nodal temperaturgsTl, T, Ts, T4, Ts, Ts. AS a next step of finite element
method set,

4 —0,wherei= 0,1,2, 3,45 (10)

darT;

We then get the system of linear equations. The systdimear equations in matrix form is

PT =W (11)
where,
[ 2D, F, 0 0 0 0 i
F 2(E,+D,) F, 0 0 0
P= 0 F, 2(E,+D,) F, 0 0 ]
0 0 F, 2E,+D,) F, 0 '
0 0 0 F, 2€,+D;) F.
i 0 0 0 0 F 2€, + Dy )_
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o -B
TO
T -B,
T=| " ;
T, w= -G-B
T4
-C,- B,
T5
T -C,-B
_C5 - Be - FsTe
where,
S(kb—1,)*. TM . ™ . 1 K@ K®
P = S Py= Ps=5(T,M+S); R= =
1= Bl 260y bl o2 (M S) REG oY REGT,
K@ KO K® M . M _
R.= = R:= = -
=) R (el o (o) 7 () 2™ Tarta)(lsT)
M M(lg—1s). S . S .
= = N, = N, =
Q= Tl 2™ 7 6 NTB(ey) T Bl
1) (1) (1)
1 K. K
A1=5hT.% Bi=LE-hT,; C=0; Dlzg(—ll thy B=5r R=-T
. R;. R;.
A2=0; B=-Pic=-2R;D,=% E=% R=-R;
T2M(l.-1.)? .
As= T M=), Bs= = P, (I3=15)%— Ny (I2+ 51 3-2b>—3l1 5+3l41,);
4('5_|2)

1 1
Ds= 2 Ry + 24 Q (|33‘3|2|32+3|22|3‘|23);

1.1 1
£s= 3R+ 5 Qo) o=~ Rt 15 Q1 (1)

2

A4:

.
(;’ (12-12=21,1 +2115);

M
4(ls-13)

A5:

T,°M
(f; (Is>12=2l,l5+211);

4(ls-15)
By = — Po(l2+13l4= 215231l 44311 5) = Ny(l2+H3ls-2157=3l31 4+3141,);

Bs = — Py(l?+4l5=212=3ll5+31,12) = No(ls>lals21,2=3l1]s+3ll.);
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C4 = P2(|3|4+|32_2|42_3|2|3+3|2|4) + Nl(l3|4+|32_2|42_3|1I3+3I1I4);

Cs = Py(lyls+1,2=21s?=31,l 4+3ls) + Ny(lals+2~215>=3l114+3l4l5);

1 1
D4 =5 R3 + ﬂ Qz(l43+|3|42_5|32|4+3I33_4|2|42_4|2|32+8|2|3|4);

2
1 1
D5 = 5 R4+ Z‘ %(l53+|4|52_5|42|5+3|43_4|2|52_4|2|42+8|2|4|5);

1 1
Es= 2 Rs+ 24 Q (l32|4+|33‘5|3|42+3|43_4|2|42‘|2|32+8|2|3|4)§

1 1
Es= 2 Ry + 24 %('42|5+|43_5|4|52+3|53_4|2|52_|2|42+8|2|4|5);
1 2,12 3.3 2 2.
Fa=- R3_1_2 Qo (Ial4™ 154 =157 57— 4,15l 4+ 211 7+ 2151 57);
1 2,12 33 2 2.
F=- R4_1_2 Qs (lals 45 =15"=1 7= 4l 4l 5+ 211 5™+ 2151 ,7);
1 2
AGZE MTy” (ls=ls); Bs =— Ps(le—ls); Co=Ps (Is—lg);

1
D6=§ Rst+ Qu; Es= Dg; Fs=— Rst+ Qu.
But parameter E, which is replaced as the relatinantioned in equation (1).
5 Results and Discussion

The male sex hormone testosterone can increasadtabolic rate about 10% - 15%. But the females sex
hormone estrogen may increase the metabolic rateadl amount but usually not enough to be significa
Males usually have higher metabolic rate than femal the same age because males tend to havaea hig
proportional of lean body mass than females ofshime age. Conversely, females tend to have a higher
proportional of fat cells and fat cells have a lowetabolic rate than lean muscle cells. But médialvate
increases during pregnancy and lactation due tb bigergy requirement of producing fetal tissues tha
breast milk [8]. The luteal phase metabolic ratalisut 5%-6% higher than follicular phase of feradf.

In general females have a metabolic rate about 3986 lower than males. The skin blood flow is lower

the luteal phasego,loji 0.00B #n? min) compared to the follicular pha%e,13;|lL 0.015 > min)
[10].

So we have been considered different metabolics ratel perfusion rates in case of females luteal and
follicular phase and males. The following valuesehdeen assigned to each physical and physiological
parameter in each sub region of dermal part [113]2,

K® = 0.20934w/C, K@ = 0.20934w/C, K® = 0.31401w/fiC, K® = 0.31401w/iC, K ® =0.34879
w/m’C, K© = 0.41855w/iPC, L = 2.410°J/kg, h = 6.2802w/A’C, p = 1050kg/m, ¢ = 3475.044J/kEC,
Momaie = 2197.39w/m?/°C | Myyreqr = 2197.39w/m*/°C , Mfopicuiar = 1538.17w/m?/°C | Spaie =
744w /m°C, Spyreqr = 707W/M°C, Stonicuiar = 665w/m°C.
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The superficial epidermis is approximately (75- 1B@) in thickness. The second layer is the dermis whic

is approximately 1 - 4 mm. The thickness of epidseri® up to 0.6 mm in the palms and soles. Thelthir
layer is subcutaneous tissue which is composedoosel fatty connective tissue. The thickness of
subcutaneous tissue varies considerably over ttiacguof the body [14]. The thickness of subcutaiseo
part varies with age, sex, race, endocrine, andgtionl status of the individual. It acts as asulating layer
and a protective cushion and constitutes amount did¥te body weight [15].

The thicknesses of dermal layers (m) considerethism model are; £ 0.0005, = 0.001, = 0.002, }=
0.0035, 4= 0.0060, 4= 0.010f females and;3 0.0005, J= 0.001, 4= 0.002, }= 0.0035, J= 0.0055, 4= 0.009
of males.

Using parameters values in the system of equat{@d} the results of the analysis for temperature
distribution are presented through the graphserrilgs. 2 and 3 for steady state case.

The Fig. 2 represents the tissue temperature diféers of females during luteal and follicular pkaaed
males afl,, = 30°C. The males tissue temperaturgs T, T, Ts, T4, are increased by aroufd 2°C and T

is increased by arourtd05°C respectively in comparison to females luteal phaseordingly the rises of
males tissue temperatureg Ty, T,, T3, T4, and F are observed b§.80°C, 0.75°C, 0.69°C, 0.60°C, 0.51°C
and0.27°C in comparison to females follicular phase at aphesic temperaturg, = 30°C. Furthermore,

it is observed that the tissue temperaturgsT], T,, Ts, T4, and F are higher in the luteal phase of the
menstrual cycle by an average 068°C, 0.63°C, 0.57°C, 0.48°C, 0.39°C and0.22°C as compared to the
follicular phase.

The Fig. 3. delineates the tissue temperaturerdiffee of females during the follicular and lutelahges and
males afl,, = 45°C. The males nodal temperatures Ty, T,, Ts, T, are decreased by aroud®7°C and T
is decreased b§.04°C respectively in comparison to luteal phase of femaAccordingly 3, Ty, T,, Ta, Ts
and T of males are increased l87°C,0.79°C,0.71°C, 0.60°C, 0.45°C and 0.26°C respectively in
comparison to follicular phase of females. Moreoitds revealed that nodal temperaturgsTt, T,, Ts, Ty
and T are higher in the luteal phase by an averade9dfC, 0.86°C, 0.78°C, 0.67°C, 0.52°C and 0.29°C
respectively in comparison to the follicular phase.

37.5

Females Luteal Phase ales

| Females Follicular Phase

(5]
=~

36.5f

— Stratum Corneum
— Stratum Germinativum [
— Papillary Region

S

35.5

Nodal temperatures { °C)
[+ ]
[=1]

35 — Reticular Region i
— Fatty Layers of ST
Muscle Layers of ST
345 " 3

0 0.002 0.004 0.006 0.008 0.01
Skin Thicknesses (m)

Fig. 2. Tissue temperatures of femalesfollicular and luteal phasesand malesat T,, = 30°C.
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37.8 T r I
— Stratum Corneum

— Stratum Germinativum
— Papillary Region

— Reticular Region

— Fatty Layers of ST
Muscle Layers of ST

37.6f

37.41
Females Luteal

Phase.

37.2} Males

FemalesFollicular Phase

Nodal temperatures ( °C)

L]
-~
T

36.8

0 0.002 0.004 0.006 0.008 0.01
Skin Thicknesses (m)

Fig. 3. Tissuetemperatures of femalesfollicular and luteal phasesand malesat T, = 45°C.

The Fig. 4 presents the tissue temperature diféererfi females during the follicular and luteal gsmsnd
males afl,, = 55°C. The males nodal temperatures Ty, T,, Tz, T4 are decreased by aroudd0°C and T

is decreased b§.13°C respectively in comparison to luteal phase of femaAccordingly 3, Ty, To, Ts, Ts

and T of males are increased ly86°C,0.77°C,0.69°C,0.57°C,0.40°C and 0.25°C respectively in
comparison to follicular phase of females. Fumhare, it is revealed that nodal temperaturgsTy, T,, Ts,

T, and § are higher in the luteal phase by an average18°C, 1.09°C, 0.99°C, 0.86°C, 0.67°C and
0.38°C respectively in comparison to the follicular phase

39.5 T T

Stratum Corneum
Stratum Germinativum
Papillary Region

es Females

Luteal Phase

39r Reticular Region

%) Fatty Layers of ST
Q;,’ Muscle Layers of ST

@

2 385} .
®

o

[= 5

E

& 38f 4
]

T

[=]

=

3751 .

Females Follicular Phase

370 0.002 0.004 0.006 0.008 0.01

Skin Thicknesses | (m)

Fig. 4. Tissue temperatures of femalesfollicular and luteal phasesand malesat T, = 55°C.
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The results obtained in the present study confivan the skin temperature in males is slightly higieéative

to females follicular and luteal phases when aphesc temperaturg, falls below the body core. This
may be due to less sweating effect in heat lossumbody as atmospheric temperature is below than o
body temperature. Consequently males tissue tetopers slightly lower as compared to luteal phate
females wher,, exceeds above 3Z. The sweating effect is high during heat lossoby body when
atmospheric temperature is above body core temperathe reason for higher temperature duringutesal
phase may be of thermogenic properties of progaste But females follicular phase temperatufewser

as compared to females luteal phase and males teagyerature. The lower skin temperature during the
follicular phase may be due to the concentratioesbtfogen because estrogen contributes for coeffiegt
while atmospheric temperature is above or belowy e temperature.

6 Conclusion

The study is simulated comparative steady staseidisemperature on one dimensional variationdefin
element models of males and during follicular dneal phases of females. The analysis presents tha
during the luteal phase of females, the tissue ¢zatpre is lower as compared to males whgefalls below
body core temperature. Also, females luteal pltersgerature is slightly higher as compared to matesn

T,, exceeds body core temperature. But females ftdiiquhase temperature is lower as compared to é&smal
luteal phase and males body temperature €lthes greater or less body core. The above differerofe
females compared to males under same atmospheriitions may be the causes of females hormonal
variation during the menstrual cycle phases.

The information extracted from this model will hdg further investigation in thermal disturbanaeEsur
in the layers of dermal part due to external thérloads to obtain a more accurate model for further

applications. It can be useful for extensive patamstudies in order to characterize the stabityarious
treatment parameters.
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