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Abstract A human thermoregulatory model incorporating
morphological details of Indians is established. The study
uses the fundamental Stolwijk model with modifications to
adapt Indian subject scenario. Good agreement is observed
between the model predictions and the experimental data,
though small discrepancies are noticed. The study inves-
tigated core and skin temperature variation during normal,
hot and cold environments of Western and Indian subjects
as well as Indian male and female subjects. Effect of BMI,
age, clothing and short-wave radiation on thermoregulation
is also analysed. The core temperature does not differ
significantly in all the cases investigated which indicates
that the model is able to capture various human ther-
moregulatory responses effectively. The most notable dif-
ference between Western and Indian subjects is the delay in
sweating and lower shivering rates under hot and cold
environments, respectively. Indian female subject showed
slightly increased mean skin temperature and decreased
sweating sensitivity compared to the male counterpart. In a
hot environment, female thermoregulatory behaviour is
characterised by a lower sweating rate, heat storage and
increased mean skin temperature. Comparison between
obese and lean Indian male subjects showed no significant
difference in core body temperature, while the skin tem-
perature is lower in obese subjects. Deterioration of ther-
moregulation mechanism with age is incorporated in the
model based on available data. The effect of clothing is
found to be significant under cold environment. The
research  establishes the strong link between
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thermoregulatory response and morphology of humans in
adverse environments and highlights the necessity of con-
sidering race specificity in human thermoregulatory
models.
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Nomenclature

A Age in years

BC Convection heat exchange between each node
and the central blood node (kcal-hr™')

BF Total effective blood flow (L-hr ™)

BFB Basal effective blood flow (L-hr_l)

BMI Body mass index

BMR Basal metabolic rate (kcal/day)

C Heat capacitance (kcal- K1)

Cp Specific heat (Kcal-kg™"-K™")

CHILL Output shivering command (Kcal-hr™")

CHILLM  Fraction of total shivering occurring in
muscles of segment

COLDS Integrated output from skin cold receptors
°C)

DILAT Output skin vasodilation command (L~hr71)

E Heat losses to the environment through
evaporation (kcal-hr™ D)

H Height (cm)

HC Convective heat transfer coefficient for
Segment (kcal-cm™2hr 1)

K Thermal conductivity (W-m™"-K™")

m Mass per unit surface area (kg-m™2)

0 Metabolic heat generation in each node
(kcal-hr 1)

PAIR Vapour pressure in environment

(kcal-cmfz-hrf ])

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s40032-021-00702-x&amp;domain=pdf
https://doi.org/10.1007/s40032-021-00702-x

1074

J. Inst. Eng. India Ser. C (August 2021) 102(4):1073-1089

PSKIN Saturated water vapour pressure at skin
temperature (mm Hg)

S Surface area (mz)

SKINC Fraction of vasoconstriction command
applicable to skin of segment

SKINR Fraction of all skin receptors in segment

SKINS Fraction of sweating command applicable to
skin of segment

SKINV Fraction of  vasodilatation = command
applicable to skin of segment

STRIC Output skin vasoconstriction command
(L-hr ™

SWEAT output sweat command (kcal-hr ')

t Thickness (m)

T Temperature (°C)

TD Conduction heat exchange between each node
and the neighbouring node (kcal-hr™")

TSET Reference temperature of compartment (°C)

w body mass (kg)

WORK Total metabolic rate required for the activity
(kcal-hr ")

WARMS  Integrated output from skin warm receptors
°C)

WORKM  Fraction of total work done by muscles in
Segment

Greek

€ Emissivity
p Density (kg:-m™)

Subscripts
amb  Ambient
b Blood

cl Cloth

Introduction

In the past, various analytical thermal regulation models
had been developed to simulate thermal response of
humans. These models have been used in supporting
physiological experiments as well as to analyse human
interactions with a variety of environments such as space
travel [1], aeroplanes [2], vehicles [3] and buildings [4].
Thermal regulation models developed for predicting the
skin temperatures involve passive and active systems of the
body [5]. The passive system mainly depends on the
individual characteristics of the body such as height, mass,
body surface area and fat percentage. Researchers have
established that factors like body surface area, body mass,
etc. affect heat stress responses of human beings [6, 7].
This requires that at steady states, a smaller person should
have higher temperature and vapour pressure gradient
between the skin and the environment to achieve the same
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effect. In addition, for an equal heat storage rate, a bigger
person will take more time to attain stable core temperature
under variable thermal conditions [8]. Similar differences
in heat stress responses exist between male and female, as
the average female is shorter and lighter and thus has a
smaller surface area and mass than the male counterpart.
The active system controls the body temperature by gen-
erating various thermoregulatory commands such as shiv-
ering, sweating, vasodilation and vasoconstriction. It is also
noted that approximately two-thirds of the resting meta-
bolic rate is spent to maintain the constant body tempera-
ture [9]. This heat generation is proportional to the body
mass [10] and therefore affects the thermoregulatory
mechanism. Wang et al. [11] have studied body mass index
(BMI) and percentage body fat of whites and Asians and
found that Asians had more upper-body subcutaneous fat.
Obesity, the increase in body mass without a proportional
increase in height, decreases the surface area-to-mass ratio
[12] and results in slower heat loss from the body [13].
Zhang et al. [14] had shown that lean group had higher skin
temperature than the normal fat group, though the trend
was opposite for the case of rectal temperature. Lichtenbelt
et al. [15] showed that by adopting individual character-
istics, prediction of skin temperature could be improved. It
is observed that there are major differences between
Western and eastern people in their body shape and size
[16], and therefore, thermoregulatory models have to be
tuned to match the population.

Investigation on changes in thermal response due to sex
differences is noted during 1960s [17-19]. Uscilko and
Ryszard [19] attributed this to the differences in the ratio of
body surface area to body mass, subcutaneous fat content
and exercise capacity. They also noticed changes in sex
hormone release during the menstrual cycle causing mod-
ification of thermoregulation in women. Havenith [20]
incorporated individualised physical characteristics in
thermoregulation model and improved the predictions of
heat strain. However, Gagnon and Kenny [21] observed
that physiological differences such as skin blood flow,
sweat gland activation and output influenced the thermal
response. Glickman et al. [22] noticed gender differences
in metabolic heat production during cold environmental
conditions, though women respond similar to men in their
thermal response during both phases of menstrual cycle.
Iyocho et al. [23] introduced sex-specific thermoregulation
models for analysing thermal response in a variety of
environmental conditions. Chaudhari et al. [24] observed
significant differences in physiological response due to
gender differences and pointed out that it could be bene-
ficial to study each gender group separately. Wang et al.
[25] noted that individual differences affect thermal com-
fort and women were more sensitive to dynamic environ-
mental conditions than men. Kaikaew [26] studied cold



J. Inst. Eng. India Ser. C (August 2021) 102(4):1073-1089

1075

exposure using the Blanketrol®III device and found that
men and women responses were different. The role of
clothing on the thermal response of the body has been
investigated over the past few decades [27, 28]. Gagge
et al. [29] considered the role of clothing using constant clo
value. De Dear et al. [30] noticed variation in the mean
skin temperatures due to moisture absorption capability by
wool garments. Jones et al. [31] proposed a dynamic model
accounting the sorption behaviour of fibres. Li and Hol-
combe [32] combined Gagge’s model and a kinetic sorp-
tion model for the clothing to generate a comfort model for
humans.

Various human thermoregulatory models are available
in the literature to assess the thermal response for a range
of environmental conditions. These models incorporated
anatomic representation of the body and the physiological
responses through a passive and active system approach.
One of the simplest models proposed is that of Gagge et al.
[29]. He proposed a two-node model with regulatory
commands expressed as a function of core and skin tem-
peratures. The basic concepts, algorithms and control
aspects of majority of the multi-node models available in
the literature were provided by Stolwijk [33]. UC Berkeley
[34] developed a comprehensive model with the capability
to include unlimited number of segments along with a
unique counter-current heat exchange model for blood
flow. This model has the capability to predict thermal
response under transient and complex radiative environ-
ments and is considered to be a milestone in the human
thermoregulation model development [35]. The
notable extensions from the fundamental Stolwijk’s model
were Fiala et al. [36], Tanabe and Kobayashi model [37],
and Salloum et al. (AUB model)[38]. The AUB model used
accurate anatomical data and calculated blood perfusion in
the tissue based on the heart rate input. However, this
model had the limitation in using in non-uniform envi-
ronmental conditions [39]. Other examples of multi-node
models include Fiala et al. [40], Kingman et al. [41],
Novieto [42], Lai and Chen [43], etc. Another category of
models developed are multi-element models which simu-
late human body as various body parts without further
dividing it into nodes similar to multi-node models as seen
in Ferreira and Yangihara, [44], Sun et al. [45], Tang et al.
[46], etc. However, it can be noticed that all the recent and
advanced models are improvements and modifications of
the fundamental Stolwijk model [33].

In this study, a thermoregulatory model for the Indian
people considering the physiological and metabolic char-
acteristics of Indian subjects is established and the thermal
responses are investigated for varying environmental con-
ditions. A comparison of thermoregulatory response
between Indian and Western adults, Indian male and
female subjects, and the effects of BMI, clothing, age and

short-wave radiation on thermoregulatory response are also
carried out.

Details of the Model Developed

The present analysis is based on the Stolwijk’s [33]
dynamic model developed for predicting physiological
body temperature regulation. The focus of the study is to
individualise the model to incorporate Indian adult char-
acteristics rather than modification of the model (number of
segments, solution method, etc.), though changes have
been carried out to incorporate the effect of clothing. The
proposed system consists of two interacting systems—ac-
tive and passive. The human body, which is the controlled
system is also known as the passive system, is modelled by
dividing into segments of simple geometries like sphere,
cylinders and dividing each segment further into sub-seg-
ments such as core, muscle, fat, skin and clothing. Dif-
ferent body segments considered are head, trunk, arms,
hands, legs and feet with each segment that consists of
various sub-segments or nodes. These nodes will have
conduction heat transfer between them, convection heat
transfer with blood, and participate in various thermoreg-
ulation mechanisms and environmental interaction as
shown in Figs. 1 and 2. The passive system senses the
external conditions and sends the input signals to the active
system. The passive system is defined in terms of its mass,
surface area and thermal conductance which are calculated
based on the physical characteristics and thermophysical
properties.

Various passive system parameters are (i) heat capaci-
tance (C ) which is defined as mass times their specific
heats, (ii) metabolic heat production (Q). The Q in the
muscle node is a summation of the basal heat generated and
the work done during shivering (muscles generate heat by
rapid contraction and relaxation) when exposed to cold
temperatures. As the subject is considered in a resting state,
the external work is not considered, (iii) blood flow rate
(BF): the blood flow rate of the core and fat is considered
same as that of the basal blood flow (BFB). The BFB
values for the nodes are taken from the Stolwijk’s [33]
model. For the muscle node, the blood flow due to the
shivering is also considered. The thermoregulatory
responses vasodilation and vasoconstriction affect the
blood flow in the skin layer largely, and the variation is
seen differently in different skin areas. This depends on the
skin surface area of the segments, (iv) convection heat
transfer (BC) which is the heat transfer through convection
between the nodes and the blood, (v) evaporative heat loss
(E), the core, muscle and fat layers don’t have any evap-
orative heat loss. The basal evaporative loss is taken as the
evaporative loss for the trunk core. Evaporation occurs
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Fig. 1 Details of each segment
showing various nodes and its
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Fig. 2 Details of each segment showing various heat transfer mechanisms

through the skin layer, and it depends on the sweating
command generated which is different for different seg-
ment skin layers, (vi) conduction heat transfer (TD)
between the nodes and (vii) convection and radiation at the
skin surface. The heat balance of nodes of each segment is
described as follows:

dT;
Core layer: Ci d—ltl =Qi1 —BC;i —TD;; —E;;
dTi,
Muscle layer: Cis dt7 =0Qi»—BCi» +TD;; —TD,,
dT;
Fat layer: Ci; d:‘z = Qi3 —BCi3+TD;» — TD;3
. dT;4
Skin layer : C,‘A’4 dl: = Qi,4 - BCi,4 + TD,‘,3 - TD,’T4 — Ei>4
dT;s .
Cloth layer: Cis KT TDi4 + Eig — (HC(i)(T;5 — Tair)
+oe (Tt45 - T;‘ur) )S(l)

(1)

where i represents body segments; j (1 to 6) represents
different layers of core, muscle, fat, skin and cloth layers,
respectively. The heat balance of the central blood
compartment is given by
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6 5

> BCy

i=1 j=1

dr,

Central blood : — =
dr

Gy (2)

The metabolic heat generation for the muscle node is
calculated as follows:

Qi,muscle = QBi,muscle + WORKM(l)

(3
x WORK + CHILM(i) x CHILL )

where WORKM is fraction of total work done by muscles
in segment i, WORK is the metabolic rate required,
CHILLM is the fraction of total shivering occurring in
muscles of segment i and CHILL is the shivering ther-
moregulatory response generated.

The blood flow in the muscles and skin of segment i is
taken as

BFi,muscle = BFBi,muscle + Qi,muscle - QBi,muscle
BF; gin = ((BFB,qin + SKINV (i)
xDILAT)/(1 + SKINC(i)) x STRIC))

X 2ERROR,-7,k;n /BULL

(4)
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where BULL is the sensitivity parameter; SKINC and
SKINV are fraction of vasoconstriction and vasodilation
commands applicable to skin of segment i. STRIC and
DILAT are the vasoconstriction and vasodilation ther-
moregulatory responses generated.

The convection between the nodes and blood is calcu-
lated as

BCij = BF;j X puigea X Cppiood X (Tij — Tolood) (5)

The basal evaporative loss is taken as the evaporative loss
for the trunk core. Evaporative loss in trunk core is the
respiratory water loss and is a function of vapour pressure
of the inhaled air. It is calculated as

Erunk core = (BMR + WORK) X 0.023 X (Pex — Pair)

(6)

where Py is the vapour pressure of the exhaled air and Py,
is ambient vapour pressure.

Evaporation occurs through the skin layer, and it
depends on the sweating command generated, skin surface
area and number of sweat glands. The expression for the
evaporative heat loss for skin is as follows

E; «in = (EBiskin + SKINS(i) x SWEAT)

ERROR (i,ski ()
) i,skin)/BULL
where SKINS and SWEAT are fraction of sweating com-
mand applicable to skin of segment and thermoregulatory
sweating command generated.

Thermal conduction TD between the nodes, convection
and radiation at the skin surface, etc. is calculated as

TDnode = TCnode X (Tnode - Tnode+1)
Hconv = (HC X (Tskin - Tair)) (8)
Hug =0 X € x S X (Tyqn — Tie)

S air

Body temperature is controlled by a feedback system
which requires sensors, controllers and actuators. This is
known as the active system. Temperature sensitive
receptors present in the body along with hypothalamus
act as the sensor unit. Neurons present in the anterior
hypothalamic—preoptic region are the controller, warm
sensitive neurons create commands to promote heat loss in
the event of an increase in body temperature, whereas cold
sensitive neurons act to promote heat conservation and
metabolic heat generation to increase body temperature. A
disturbance in environmental conditions or metabolism
resulted a change in the controlled variables of the
feedback control system. The feedback along with
reference generated the error signal which activates the
control centre and corresponding control action. The
controller initially calculates the error signal for each of

the 25 elements; error (or discrepancy) between
temperature, T(node), and set temperature (or neutral
temperature), TSET(node), is given by

ERROR (node) = T(node) — TSET(node)

+ RATE(node) x F(node) ®)

where 7T is the instantaneous temperature of the
compartment; RATE is the dynamic sensitivity of the
thermoreceptors. F is the rate of change of temperature. T
and F are computed at every iteration from the passive
system, whereas TSET and RATE are constants initially
provided to the model. The ERROR signal can be positive
or negative and based on the sign for each N, positive
ERROR is assigned to WARM(node), and the absolute
value of the negative signal is assigned to COLD(node).
The total receptor outputs WARMS and COLDS for
WARM and COLD receptors are obtained by integrating
them. The active system generates thermoregulatory
commands to regulate the body temperature. The
thermoregulatory commands are shivering, sweating,
vasodilation and vasoconstriction. The thermoregulatory
commands SWEAT, CHILL, STRIC, DILAT for sweating,
shivering, vasoconstriction and vasodilation, respectively,
are estimated as described as:

SWEAT = 320 x ERROR(1) + 29 x (WARMS — COLDS)
DILAT = 117 x ERROR(1) 4 7.5 x (WARMS — COLDS)
CHILL = 21 x COLD(1) + COLDS
STRIC = —5 x ERROR(1) — 5 x (WARMS — COLDS)

(10)

These commands are the result of signals from (i) hy-
pothalamus, ERROR(l), and (ii) the skin (WARMS-
COLDS). The generated commands are used for control-
ling action. Evaporation for the skin will be modified based
on the sweat command. Vasoconstriction and vasodilation
commands are used for constricting or relaxing of the
arterioles near the body’s surface to control heat transfer
out of the body. This will in turn control the blood flow to
the skin layer and the skin temperature. Shivering com-
mand will increase metabolic heat generation. These ther-
moregulatory functions are assigned to various nodes, and
heat flows are generated. Change in temperature is esti-
mated by dividing the heat flow by capacitance, and this is
iterated using a small integration step till the error com-
mand is minimised. Initially, a set of initial reference and
the initial temperatures of the segments and nodes are
assumed along with a given environmental condition.
Based on this, the ERROR signal and various control
parameters are calculated. The iteration is done to obtain a
final temperature closer to the set point temperature. The
model is simulated by implementing an algorithm in a
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numerical computing environment, MATLAB. Figure 3
shows the flowchart of the program developed. The
detailed description of the model and corresponding
empirical relations used are available in Stolwijk [33] and
Konz et al. [47].

The input data consist of (i) geometrical inputs such as
the surface area of the segments, capacitance (m X c,), (ii)
environmental condition inputs such as ambient tempera-
ture, humidity, vapour pressure, air velocity, convective &
radiative heat transfer coefficients, (iii) physiological
inputs such as basal metabolic, evaporative and blood flow
rates, etc., and (iv) temperature inputs such as initial tem-
perature and the reference temperature. The major output
from the model is the body temperature though other
variables such as evaporation rate, sweat rates and sweat/
shiver command can also be obtained as output. 1-min time
interval is used as the standard iteration interval. The
developed model is used to analyse Western and Indian
subjects. The main difference compared to the original
model is the individualisation of parameters, addition of
clothing layer and modification of governing equations of
the model. The changes related to individualisation are
described in the following section.

Reference Indian Adult Data

Dang et al. [48] generated data for the physiological and
metabolic characteristics of Indian subjects from the
extensive nationwide surveys conducted by NNMB [49].
The reference adult male and female have heights 164 and

151 cm, and body mass 53 and 45 kg, respectively. All data
used for the current model are described in Table 1. The
surface area is determined by the modified DuBois equa-
tion proposed by by Mehra [50] and is given by

ForIndians : Surfacearea = 113.1 x H%7 x w04®
(11)

The other required parameters for modelling are obtained
as described below. The surface area distribution for each
segment in percentage is based on Stolwijk [33] and
Dubois [51]. The distributions are as follows: head—7%,
trunk—36%, arms—13.41%, hands—5%, legs—31.76%,
and feet—6.86%. The volume is estimated using the sur-
face area distribution and the lengths of the segments. The
radius of each layer is found from the corresponding vol-
ume. The percentage of core weight is considered as 15%
[52], and the weight percentage of skin is 1/16 of the body
weight which is 6.25% [53]. The rest accounts for body fat
and muscle weights. Capacitance is the mass of the com-
partment times its specific heat, and the assumed specific
heat values are 0.5 gcal/g°C for the skeleton, 0.6 gcal/g°C
for fat and 0.9 gcal/g°C for all other tissues including
blood. The thermal conductance between the layers of the
segments is calculated by using the already derived method
outlined by Stolwijk and Hardy [54].

The basal metabolic rate (BMR) is the minimum amount
of calories that are required by the body at rest and it
depends on body weight, body type, fat composition, blood
flow amount, skin colour, etc. This requires that the
metabolic rate may be calculated based on Indian subject

Establish the Integrate
Stat  —— Input data ———= thermoreceplor ——— pheripheral
output afferents
Update the time Estimate the
step command output
[/ P
' |
No
| Assign the output to
the corresponding
Exceeding M-mmum compartments
maximum criteria met? l
time?
Yes
Calculate the heat
flow values
Yes
: output Update the integration
Stop -——— Output Esu::l;uees of e Generate ne -~  Stepbasedon
temperatures change in
temperatures ‘ =

Fig. 3 Flowchart showing the algorithm used in the present model
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Table 1 Data for Indian adults

Male Female
Height 164 cm 151 cm
Mass 53 kg 45 kg
Head diameter 15 cm 14.5 cm
Blood volume 73.9 ml/kg body wt
Body fat 6.8 kg 5.5 kg

details. Mifflin et al. [55] proposed a predictive equation
for basal metabolic rate based on body weight, height, fat
and gender. Amirkalali et al. [56] observed that there was
no significant difference between experimental value and
the predicted value using this equation. The following
equation [56] is used in the present analysis.

ForMales : Basalmetabolicrate, BMR(W)
=10xW+625xH—-5xA+5
ForFemales : BMR(W)
=10xW+625xH-5%xA-161

(12)

where W is the mass in kilogram, H the height in cm and
A the age in years. Aschoff and Wever [57] have estimated
the metabolic rate of individual segments—brain
accounting for 16%, trunk core 56%, skin and musculature
18%, skeleton and connective tissue as 10%. The total
evaporative heat loss is considered as 25% of the basal
metabolic heat loss [33] and is distributed for each segment
skin according to its surface area. Various parameters used
in the present study are tabulated in Tables 2 and 3.

The Indian subject geometry is compared with the the
Western [33] and Chinese [58] subjects and is shown in
Fig. 4. It shows the distribution of surface area over various
segments of the body for different models. The difference
in the physical parameters such as height, mass, age and
sex brings the change in the surface area, body fat per-
centage, BMR, etc. which will bring differences in the
thermoregulatory functioning of the subjects.

Results and Discussions
Validation of the Model

Konz et al. [47] conducted experiments on human subjects
in a controlled environment and measured skin and mean
body temperature. Figure 5 compares the experimental data
and the current model predictions for the head skin, leg
skin and overall mean skin temperatures. Current model
predictions are reasonably good, with the maximum devi-
ations of around 1 °C for the leg skin temperature. Maiti

[59] conducted experiments by varying indoor temperature
from 21 to 33 °C and measured body temperatures of
Indian male college students of age 25.18 +2.4 years,
weight 68.6 £8.46 kg and height 1.71 +0.05 m. The
temperature varied with an interval of 1 °C with a time gap
of 10 min. For the validation of the current methodology,
an Indian nude subject of height 170 cm and weight 68 kgs
in resting state is considered. The predicted and experi-
mental data of mean skin, mean body and mean core
temperatures are compared in Fig. 6. The mean deviations
from experimental data for the three cases are 1.8, 0.32,
and 0.22 °C, respectively. The large deviation observed for
the mean skin temperature is due to the clothing effects as
the subject was wearing garments with an approximate
clothing insulation of 0.47 clo. This difference was noted in
the prediction of sweating also as the subject started
sweating at an ambient temperature of 30 °C, though the
model predicted the sweating only after 33C. It is noted
that the mean skin temperatures increased with increase in
ambient temperatures until the sweating sets in. The mean
body and core temperature predictions are found to be very
close to the experimental data. It may also be noted that the
sample sizes in the experiments are not large. The current
model seems to be reasonably good in predicting mean and
core temperature and sweating in a heat stress environment
for a nude Indian. The validation of the current model for
different subjects and environment proved its ability to
predict the human thermal response.

Sensitivity Analysis

A sensitivity analysis is conducted to evaluate and quantify
the impact of major passive and active system parameters
such as body fat percentage, basal metabolic rate, sweat
and shivering commands of the present model. This is done
to understand how they contribute to the sustainability of
thermoregulation function. Sensitivity analysis is carried
out considering Indian male as the reference subject.
Subject is exposed to ambient temperature of 25 °C, and
the steady core temperature (37.0 °C) is obtained. This
state is considered as the reference condition for BMR and
body fat sensitivity study. Parameters are then varied from
— 50 to 50% keeping all other variables (both passive and
active) constant as that of the reference condition. Com-
pared to the reference condition, a lower ambient temper-
ature for a change in parameter means that the body is
producing more heat than the normal or the body is
rejecting less heat than required. For each BMR/body fat
variation, the ambient temperature is varied until the core
temperature is same as the reference core. Similar method
is adopted for finding the sensitivity associated with shiv-
ering and sweating commands. For shivering sensitivity
study, T, =20°C is considered as the reference
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Table 2 Estimation of thermal conductance between compartments

Surface Area (in m?)

Volume (in cm?)

Radius (in cm) Capacitance (in Kcal/°C)

Head
Core 0.106 692.376
Muscle 777.486
Fat 862.595
Skin 924.702
Trunk
Core 0.546 3214.849
Muscle 7134.863
Fat 8683.159
Skin 8978.803
Arms
Core 0.203 304.674
Muscle 763.046
Fat 894.981
Skin 960.268
Hands
Core 0.0759 72.728
Muscle 92.308
Fat 134.267
Skin 187.414
Legs
Core 0.482 1225.582
Muscle 3032.917
Fat 3455.042
Skin 3667.878
Feet
Core 0.104 115.215
Muscle 136.651
Fat 195.598
Skin 259.905

5.48 222
5.70 0.24
5.90 0.13
6.04 0.21
423 4.86
6.30 11.94
6.95 2.58
7.06 1.08
0.95 0.88
1.50 2.24
1.63 0.35
1.69 0.38
0.50 0.08
0.56 0.05
0.68 0.05
0.80 0.14
1.60 2.64
2.51 6.78
2.68 0.87
2.76 0.95
0.55 0.14
0.60 0.05
0.72 0.08
0.83 0.19

condition, whereas for sweating, it is taken as 35 °C. Fig-
ure 7 shows the variation in relative change in T, with
the percentage changes in the parameter. It is noted that
BMR and shivering functions have the most significant
impact on the thermal response. A decline in BMR and
cardiac output is characterised by old people, and this
result is an indication of poor thermal response of old.

Comparison of Various Group Under Dynamic
Conditions

The performance of the thermoregulatory system is anal-
ysed for dynamic conditions by applying impulse input
change in environmental conditions. Two different subjects
representing different ethnic groups are considered: (i) an
Indian subject of height 164 cm and weight 53 kg and (ii) a

@ Springer

Western subject of height 1.72 m and weight 74.4 kg. The
ambient conditions considered are: air velocity of 0.1m/s
and relative humidity of 45%. Analysis is done for three
cases: (i) the subject spends 30 min in a neutral environ-
ment of 30 °C and the quickly transferred to a hot envi-
ronment of 45 °C and back to 30 °C with recovery time for
30 min, (ii) the subject spends 30 min in a neutral envi-
ronment of 30 °C and the quickly transferred to a cold
environment of 18 °C and back to 30 °C with recovery time
for 30 min, and (iii) the subjects spend 30 min in a neutral
environment of 30 °C and the quickly transferred to a cold
environment of 18 °C for 30 min, then transferred to a hot
environment of 45 °C for 30 min and back to 30 °C with
recovery time for 30 min. Various dynamic schemes are
represented in Fig. 8. Figure 9 shows the variation in rectal
core and skin temperatures for the two subjects in the three
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Table 3 Estimation of BMR and evaporative losses

Thermal Conductance (in Kcal/ °C h)

Basal Metabolic Rate (in Kcal/h)

Basal Evaporative Rate (in Kcal/h)

Head
Core 0.119 7.46
Muscle 6.790 0.18
Fat 7.184 0.08
Skin 0.04
Trunk
Core 0.910 26.15
Muscle 5.250 4.25
Fat 18.743 1.56
Skin 0.20
Arms
Core 1.429 0.45
Muscle 8.180 0.83
Fat 30.937 0.21
Skin 0.07
Hands
Core 1.806 0.05
Muscle 12.065 0.01
Fat 8.454 0.03
Skin 0.02
Legs
Core 2.156 1.48
Muscle 12.854 2.46
Fat 56.268 0.53
Skin 0.18
Feet
Core 2.284 0.03
Muscle 17.154 0.05
Fat 11.529 0.01
Skin 0.09

0.50

7.21

2.59

0.49

cases. In all the cases, the rectal temperature, i.e. the trunk
core temperature, is observed varying in the range of 36.5
°C to 37.5 °C for both subjects. This indicates that the
present model is able to predict and control various ther-
moregulation mechanisms accurately. The higher rise in
core temperature of the Western subject compared to
Indian is evident in case 1. This shows the efficient
adaptability of Indian subject in hot environment. For
Indians, sweating is observed at a higher temperature
compared to Western people. This is in agreement with the
observations of Wijayanto et al. which stated that that the
tropical people have a higher cutaneous threshold for
sweating. Figure 10 shows the sweating command gener-
ated by the present model for the two subjects for case (i).
The sweating rate of Western object is almost double
compared to Indians under hot conditions.

It is also observed that shivering rate is less for Indian
subjects under cold conditions. This might be due to the
higher body fat percentage in Asians than whites [11].

Analysis of Thermoregulation in Different BMI
Subjects

In this section, the variation in the mean skin, body and
core temperatures with various body mass index (BMI) is
studied. BMI is calculated as the ratio of a person’s mass in
kilograms to the height in metres squared. An Indian sub-
ject of height 164 cm is considered, and the body mass and
other parameters for different BMIs of 15, 20, 25, 30, 35
are estimated. It is noted that the mean skin and mean body
temperatures decrease with the increase in body mass
index. This is in agreement with the results of Chudecka

@ Springer



1082

J. Inst. Eng. India Ser. C (August 2021) 102(4):1073-1089

Feet m Legs Hands ﬂﬂm[[m] Arms XY Trunk % Head

5%
7% 36.0, 1.89 m?2
western 13.41%
.93"" :
Chineese fs11% =D L4.5% 1.71 m2
36.02%
Indian 7% 13.41%

T
0 02

T T T T
04 06 08 1 12 14 16 18 2
Surface area, m*

Fig. 4 Distribution of surface area over various segments of the body
for different models
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Fig. 5 Comparison of head skin (HS), leg skin (LS), and mean skin
(MS) temperatures from the current model and the experimental data
of Konz et al. [47]

et al. [60] which studied the thermoregulation in women.
The falling in temperature is due to the higher body fat in
higher BMI subjects. This increase in fat content acts as an
insulation for heat transfer which brings down the sensi-
tivity of the body to respond to external changes in the
environment. A comparison of shivering commands
showed a higher value of around 30% for lean subjects
(BMI=20) compared to obese subjects (BMI=30). It is also
observed that no significant difference is seen in core
temperatures between subjects of different BMIs and this
result agrees with the Hoffmann et al. [61] which says that
the core temperature of the body is independent on the
composition of the body and remains almost same for a
normal, obese and a lean body (Fig. 11).
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Fig. 7 Sensitivity analysis of various parameters

Effect of Clothing

In order to analyse the clothing effects, a clothing layer is
incorporated to the naked subject as an additional layer
next to the skin. In the present study, the thermal responses
of the naked body are compared with clothing condition for
two types of fabrics—cotton and polyester . The parame-
ters of the fabrics considered are shown in table 4 [62]. The
simulations are carried out for three ambient conditions: 18
°C (relatively cold), 25 °C (moderate/ neutral) and 40 °C
(relatively hot). The mean skin temperature for various
cases is shown in Fig. 12. The effect of clothing is sig-
nificant under cold conditions as it produced approximately
4 °C higher skin temperature compared to the naked body.
The difference was only 1.5 °C under hot environment. The
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Comparison Between Indian Man and Woman

A comparison of thermal response of Indian male and
female subjects is presented in this section. The difference
in thermoregulatory mechanism of male and female was
noted by many researches [63]. The current model incor-
porates the differences in physical characteristics as well as
physiological gender differences between male and female.
Physiological responses are incorporated by carefully
selecting sweating and shivering models available in the
literature. The variation in the body surface area between
the two subjects is found to be around 12%. The values of
skeleton mass, body fat, visceral mass and volume of blood
are taken from Dang et al. [48]. The skeleton, connective
tissue and the viscera are considered under the core

| Legs 77777 Hands [l Arms Y Trunk &= Head

Body mass female

Body mass male

Body fat female A E

Body fat male =

Surface Area female E=

Surface Area male

80
Segmental distribution, in %

Fig. 13 Segmental surface area, body mass and fat comparison of
Indian male and female

segment. The visceral mass is taken as the mass of all the
internal organs. The segmental surface area, body mass and
fat comparison of male and female are shown in Fig. 13.
A comparison of thermoregulation for the two subjects
under conditions: (i) subjects exposed to 30 °C for 30 min,
followed by quick transfer to 45 °C, and (ii) subjects
exposed to 30 °C for 30 min, followed by quick transfer to
18 °C, is made in Fig. 14. The subject’s hot/cold envi-
ronmental conditions are maintained for 30 minutes after
the exposure. Women showed slightly increased mean
body temperature and heat storage than man. The higher
surface temperature of female along with the tendency of
lower BMR than males for a given body mass establishes
the difference in fat distribution based on sex. Sweating
command comparison between the two objects is analysed
for case (i) in Fig. 15a which showed decreased sweating
rates for women. It is noted that both subjects respond
differently under cold environmental conditions. The
woman started shivering at higher environmental temper-
ature, and the generated higher shivering command as
shown in Fig. 15b indicates that they are less comfort-
able under cold conditions. It is observed that the higher
body surface area-to-mass ratio of women reduces the
capability to maintain the thermal balance under cold
conditions and is a major factor determining sex difference.

Comparison Between Young and Old

Anthropometric and thermo-physical properties of older
people based on the published research works have been
incorporated in the current model to predict the regulatory
response. Reduction in skin blood flow response in older
men was noted by Pierzga et al. [64] in exposure to heat
stress. The study by Dufour and Candas [65] confirmed the
reduced sweat output and age. Body mass decrease with
age was noted by Ogden et al.,[66], Barllet et al. [67] and
an approximate decrease of around 12% is considered in
the present analysis. With the increasing age, the fat con-
tent increases and muscle decreases as noted by Paolisso
et al. [68] Chumlea et al. [69], etc. Based on the evaluation
of studies describing the fat increase over the years of the
older persons, the current research adopted an increase in
fat content by 20%. This produced a muscle decrease of
around 11%. Age-related decline in basal metabolic rate is
accounted by the Mifflin St Jeor equation and is found to be
less by around 12% compared to the young group. A lower
core body temperature of around 36.4 °C was noted by
Sherwood [70] for old people, and therefore, the current
dynamic simulations assumed the initial core temperature
accordingly. The average skin temperature at various
locations and the core temperature of adult and old are
compared in Fig. 16. The older recorded lower temperature
of about 0.3 °C at all locations and 0.5 °C in core
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temperature. It can be observed that the feet appear to be
the body part with lowest skin temperature among the body
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and the thermal comfort experience. Various uniform
radiative heat fluxes ranging from 0 to 600 Wm? are
implemented in the present model along with constant
short-wave absorptivity of the body surface. Hodder and
Parsons [71] observed that an increase of 2 °C of mean skin
temperature for every 200 Wm ™ increase in radiation flux.
However, it was not clearly mentioned about the location
and placement of radiation source with respect to the body.
In the present analysis, a uniform radiation source is
applied and the variation in mean skin temperature for
steady-state conditions is obtained. A linear relation
between mean skin temperature and radiation flux is noted
with increase of 2.6 °C of mean skin temperature for every
200 Wm 2. A change in absorptivity value of 10% showed
a change of around 0.7 °C in skin temperature. The results
show that the effects of solar radiation and skin absorp-
tivity play a role in thermal comfort and need to be
addressed in thermoregulation models created for various
ethnic groups.

Conclusions

The aim of the current study is to expand a previously
developed human thermoregulation model for the analysis
of Indian male and female subjects including thermal
response in a variety of environmental conditions. The
investigation used a multi-segment model based on Stol-
wijk model incorporating anthropometrical, physical and
physiological parameters of average Indian adult. The
model is tested with the experimental data on Indian sub-
ject. In general, good agreement between the two is
noticed, and the differences may have been caused by
various approximations such as circular cylinder shapes for

body segments, fat percentages, mass distributions, etc. A
sensitive analysis is conducted to evaluate the effect of
major parameters associated with the active and passive
systems of the model. It is noted that changes in BMR and
sweating deterioration are critical for the thermal response.
Clothing model is incorporated in the present model by
considering the properties of the fabric. The comparison of
Western and Indian adults, and Indian male and female
subjects showed that the interrelation between morpho-
logical components and temperature regulation are related.
However, the variations are mainly seen in the skin tem-
perature distributions. Higher adaptability under hot envi-
ronment is observed for Indian subjects. Lower sweating
and shivering commands are also noted under hot and cold
environments for the Indians compared to Western sub-
jects. The study showed that women have less effective
sweating mechanism than men under hot environmental
conditions. Results show the importance of sex differences
to thermoregulatory mechanisms, especially at hot and cold
environment. Another aim of the study is to draw the dif-
ferences in thermal response of obese and lean Indian
adults. The mean surface temperature decreased with the
increase in BMI. Anthropometric and thermo-physical
properties of older people are incorporated in the model
based on available data in the literature. Deterioration of
thermoregulatory responses of the elderly is established in
the study which necessitates more attention to them under
cold and hot environments. The study also evaluated the
effect of uniform short-wave radiation for unclothed sub-
jects. In general, individual differences in thermal response
between various groups are clearly established in the study.
Considering this along with energy co-benefit, the study
emphasises the need of considering this aspect in the
design and operation of built environments.

Conflict of interest On behalf of all authors, the corresponding
author states that there is no conflict of interest.

References

1. L.H. Kuznetz, Control of thermal balance by a liquid circulating
garment based on a mathematical representation of the human
thermoregulatory system, Ph.D. thesis-California University,
Berkeley (1976)

2. B. Sa, The temperature distribution of the man in a nonuniform
hot environment, Ph.D. thesis, Beijing University of Aeronautics
& Astronautics, PRC (1991)

3. C. Croitoru, I. Nastase, F. Bode, A. Meslem, A. Dogeanu,
Thermal comfort models for indoor spaces and vehicles-current
capabilities and future perspectives. Renew. Sustain. Energy Rev.
44, 304-318 (2015)

4. E. Foda, 1. Almesri, HB. Awbi, K. Sirén, Models of human
thermoregulation and the prediction of local and overall thermal
sensations. Build. Environ. 46(10), 2023-2032 (2011)

5. S. Takada, H. Kobayashi, T. Matsushita, Thermal model of
human body fitted with individual characteristics of body tem-
perature regulation. Build. Environ. 44(3), 463—470 (2009)

@ Springer



1088

J. Inst. Eng. India Ser. C (August 2021) 102(4):1073-1089

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

. G.S. Anderson, Human morphology and temperature regulation.

Int. J. Biometeorol. 43(3), 99-109 (1999)

. S.S. Cheung, T.M. McLellan, S. Tenaglia, The thermophysiology

of uncompensable heat stress. Sports Med. 29(5), 329-359 (2000)

. G. Havenith, Human surface to mass ratio and body core tem-

perature in exercise heat stress-a concept revisited. J. Therm. Biol
26(4-5), 387-393 (2001)

. L. Landsberg, J.B. Young, Autonomic regulation of thermogen-

esis, in Mammalian thermogenesis, pp. 99-140, Springer (1983)

. D.M. Austin, M.W. Lansing, Body size and heat tolerance: a

computer simulation, Hum. Biol., 153-169 (1986)

J. Wang, J.C. Thornton, M. Russell, S. Burastero, S. Heymsfield,
R.N. Pierson Jr., Asians have lower body mass index (bmi) but
higher percent body fat than do whites: comparisons of anthro-
pometric measurements. Am. J. Clin. Nutr. 60(1), 23-28 (1994)
J. Verbraecken, P. Van de Heyning, W. De Backer, L. Van Gaal,
Body surface area in normal-weight, overweight, and obese
adults. a comparison study. Metabolism 55(4), 515-524 (2006)
A. Kurz, D.I. Sessler, E. Narzt, R. Lenhardt, F. Lackner, Mor-
phometric influences on intraoperative core temperature changes.
Anesthesia Analgesia 80(3), 562-567 (1995)

H. Zhang, C. Huizenga, E. Arens, T. Yu, Considering individual
physiological differences in a human thermal model. J. Therm.
Biol. 26(4-5), 401408 (2001)

W. van Marken Lichtenbelt, A. Frijns, D. Fiala, F. Janssen, A.
Van Ooijen, A. Van Steenhoven, Effect of individual character-
istics on a mathematical model of human thermoregulation.
J. Thermal Biol. 29(7-8), 577-581 (2004)

P. Deurenberg, K. Ge, J. Gaj Hautvast, W. Jingzhong, Body mass
index as predictor for body fat: comparison between Chinese and
Dutch adult subjects. Asia Pacific J. Clin. Nutr. 6, 102-105
(1997)

C. Wyndham, J. Morrison, C. Williams, Heat reactions of male
and female Caucasians. J. Appl. Physiol. 20(3), 357-364 (1965)
T. Morimoto, Z. Slabochova, R. Naman, F. Sargent 2nd., Sex
differences in physiological reactions to thermal stress. J. Appl.
Physiol. 22(3), 526-532 (1967)

H. Kaciuba-Uscilko, R. Grucza, Gender differences in ther-
moregulation. Curr. Opin. Clin. Nutr. Metabolic Care 4(6),
533-536 (2001)

G. Havenith, Individualized model of human thermoregulation
for the simulation of heat stress response. J. Appl. Physiol. 90(5),
1943-1954 (2001)

D. Gagnon, G.P. Kenny, Sex differences in thermoeffector
responses during exercise at fixed requirements for heat loss.
J. Appl. Physiol. 113(5), 746-757 (2012)

E.L. Glickman-Weiss, C. Cheatham, N. Caine, M. Blegen, J.
Marcinkiewicz, K.D. Mittleman, The influence of gender and
menstrual phase on thermosensitivity during cold water immer-
sion. Aviat. Space Environ. Med. 71(7), 715-722 (2000)

A.E. Iyoho, L.J. Ng, L. MacFadden, Modeling of gender differ-
ences in thermoregulation. Military Med. 182(suppl-1), 295-303
(2017)

T. Chaudhuri, D. Zhai, Y.C. Soh, H. Li, L. Xie, Random forest
based thermal comfort prediction from gender-specific physio-
logical parameters using wearable sensing technology. Energy
Build. 166, 391-406 (2018)

Z. Wang, R. de Dear, M. Luo, B. Lin, Y. He, A. Ghahramani, Y.
Zhu, Individual difference in thermal comfort: A literature
review. Build. Environ. 138, 181-193 (2018)

K. Kaikaew, J.C. van den Beukel, S.J. Neggers, A.P. Themmen,
J.A. Visser, A. Grefhorst, Sex difference in cold perception and
shivering onset upon gradual cold exposure. J. Therm. Biol 77,
137-144 (2018)

@ Springer

27

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

. R. Haslam, K. Parsons, Quantifying the effects of clothing for
models of human response to the thermal environment. Ergo-
nomics 31(12), 1787-1806 (1988)

E.A. McCullough, Factors affecting the resistance to heat transfer
provided by clothing. J. Therm. Biol 18(5-6), 405-407 (1993)
A.P. Gagge, An effective temperature scale based on a simple
model of human physiological regulatory response. Ashrae Trans.
77, 247-262 (1971)

R. De Dear, Impact of air humidity on thermal comfort during
step-changes, ASHRAE Trans. 336-350 (1989)

B. W. Jones, M. Ito, E. McCullough, Transient thermal response
of clothing system, in Proceedings of International Conference on
Environmental Ergonomics-IV, p. 66 (1990)

Y. Li, B. Holcombe, Mathematical simulation of heat and
moisture transfer in a human-clothing-environment system. Text.
Res. J. 68(6), 389-397 (1998)

J.A. Stolwijk, A mathematical model of physiological tempera-
ture regulation in man, Technical Report, NASA CR-1855 (1971)
C. Huizenga, Z. Hui, E. Arens, A model of human physiology and
comfort for assessing complex thermal environments. Build.
Environ. 36(6), 691-699 (2001)

Y. Cheng, J. Niu, N. Gao, Thermal comfort models: a review and
numerical investigation. Build. Environ. 47, 13-22 (2012)

D. Fiala, K.J. Lomas, M. Stohrer, Computer prediction of human
thermoregulatory and temperature responses to a wide range of
environmental conditions. Int. J. Biometeorol. 45(3), 143-159
(2001)

S.-I. Tanabe, K. Kobayashi, J. Nakano, Y. Ozeki, M. Konishi,
Evaluation of thermal comfort using combined multi-node ther-
moregulation (65mn) and radiation models and computational
fluid dynamics (cfd). Energy Build. 34(6), 637-646 (2002)

M. Salloum, N. Ghaddar, K. Ghali, A new transient bio-heat
model of the human body. Heat Transf. Summer Conf. 47349,
927-937 (2005)

K. Ghali, N. Ghaddar, M. Salloum, Effect of stove asymmetric
radiation field on thermal comfort using a multisegmented bio-
heat model. Build. Environ. 43(7), 1241-1249 (2008)

D. Fiala, G. Havenith, P. Brode, B. Kampmann, G. Jendritzky,
Utci-fiala multi-node model of human heat transfer and temper-
ature regulation. Int. J. Biometeorol. 56(3), 429—441 (2012)

B. Kingma, L. Schellen, A. Frijns, W. van Marken Lichtenbelt,
Thermal sensation: a mathematical model based on neurophysi-
ology. Indoor Air 22(3), 253-262 (2012)

D.T. Novieto, Adapting a human thermoregulation model for
predicting the thermal response of older persons (2013)

D. Lai, Q. Chen, A two-dimensional model for calculating heat
transfer in the human body in a transient and non-uniform ther-
mal environment. Energy Build. 118, 114-122 (2016)

M. Ferreira, J. Yanagihara, A transient three-dimensional heat
transfer model of the human body. Int. Commun. Heat Mass
Transfer 36(7), 718-724 (2009)

X. Sun, S. Eckels, Z.C. Zheng, An improved thermal model of the
human body. Hvacr Res. 18(3), 323-338 (2012)

Y. Tang, Y. He, H. Shao, C. Ji, Assessment of comfort-
able clothing thermal resistance using a multi-scale human ther-
moregulatory model. Int. J. Heat Mass Transf. 98, 568-583
(2016)

S. Konz, C. Hwang, B. Dhiman, J. Duncan, A. Masud, An
experimental validation of mathematical simulation of human
thermoregulation. Comput. Biol. Med. 7(1), 71-82 (1977)

H. Dang, D. Jaiswal, M. Parameswaran, S. Krishnamony, Phys-
ical, anatomical, physiological and metabolic data for reference
Indian man-a proposal, Technical Report, Bhabha Atomic
Research Centre (1994)

N.N.M. Board, Report on the repeat survey of rural population for
nutritional and anthropometric status (1988-1990), Technical



J. Inst. Eng. India Ser. C (August 2021) 102(4):1073-1089

1089

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Report, National Institute of NutritionICMR), Hyderabad, India
(1990)

N. Mehra, Body surface area of Indians. J. Appl. Physiol. 12(1),
34-36 (1958)

D. DuBois, E.F. DuBois, Fifth paper the measurement of the
surface area of man. Arch. Intern. Med. 15(5-2), 868-881 (1915)
R.E. Scammon, S.H. Morris, Developmental anatomy. Blakiston
Company (1942)

M. Leider, On the weight of the skin. J. Investig. Dermatol. 12(3),
187-191 (1949)

J. Stolwijk, J. Hardy, Temperature regulation in man-a theoretical
study. Pfliiger’s Archiv fiir die gesamte Physiologie des Men-
schen und der Tiere 291(2), 129-162 (1966)

M.D. Mifflin, S.T. St Jeor, L.A. Hill, B.J. Scott, S.A. Daugherty,
Y.O. Koh, A new predictive equation for resting energy expen-
diture in healthy individuals. The American journal of clinical
nutrition 51(2), 241-247 (1990)

B. Amirkalali, S. Hosseini, R. Heshmat, B. Larijani et al.,
Comparison of harris benedict and mifflin-st jeor equations with
indirect calorimetry in evaluating resting energy expenditure.
Indian J. Med. Sci. 62(7), 283 (2008)

J. Aschoff, R. Wever, Wirmeaustausch mit hilfe des kreislaufes.
DMW-Deutsche Medizinische Wochenschrift 84(35), 1509-1517
(1959)

X. Zhou, Z. Lian, L. Lan, An individualized human thermoreg-
ulation model for Chinese adults. Build. Environ. 70, 257-265
(2013)

R. Maiti, Pmv model is insufficient to capture subjective thermal
response from Indians. Int. J. Ind. Ergon. 44(3), 349-361 (2014)
M. Chudecka, A. Lubkowska, A. Kempinska-Podhorodecka,
Body surface temperature distribution in relation to body com-
position in obese women. J. Therm. Biol 43, 1-6 (2014)

M.E. Hoffmann, S.M. Rodriguez, D.M. Zeiss, K.N. Wachsberg,
R.F. Kushner, L. Landsberg, R.A. Linsenmeier, 24-h core tem-
perature in obese and lean men and women. Obesity 20(8),
1585-1590 (2012)

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

A. Kwon, M. Kato, H. Kawamura, Y. Yanai, H. Tokura, Physi-
ological significance of hydrophilic and hydrophobic textile
materials during intermittent exercise in humans under the
influence of warm ambient temperature with and without wind.
Eur. J. Appl. Physiol. 78(6), 487-493 (1998)

J. Bittel, R. Henane, Comparison of thermal exchanges in men
and women under neutral and hot conditions. J. Physiol. 250(3),
475-489 (1975)

J.M. Pierzga, A. Frymoyer, W.L. Kenney, Delayed distribution of
active vasodilation and altered vascular conductance in aged skin.
J. Appl. Physiol. 94(3), 1045-1053 (2003)

A. Dufour, V. Candas, Ageing and thermal responses during
passive heat exposure: sweating and sensory aspects. Eur.
J. Appl. Physiol. 100(1), 19-26 (2007)

C. L. Ogden, Mean body weight, height, and body mass index:
United States 1960-2002. No. 347, Department of Health and
Human Services, Centers for Disease Control (2004)

H.L. Barlett, S.M. Puhl, J.L. Hodgson, E.R. Buskirk, Fat-free
mass in relation to stature: ratios of fat-free mass to height in
children, adults, and elderly subjects. Am. J. Clin. Nutr. 53(5),
1112-1116 (1991)

G. Paolisso, A. Gambardella, V. Balbi, S. Ammendola, A.
D’Amore, M. Varricchio, Body composition, body fat distribu-
tion, and resting metabolic rate in healthy centenarians. Am.
J. Clin. Nutr. 62(4), 746-750 (1995)

W.C. Chumlea, S.S. Guo, C.M. Zeller, N.V. Reo, R.M. Siervogel,
Total body water data for white adults 18 to 64 years of age: the
fels longitudinal study. Kidney Int. 56(1), 244-252 (1999)

L. Sherwood, Human Physiology: From Cells to Systems-7e
(Cengage Learning, London, 2010).

S.G. Hodder, K. Parsons, The effects of solar radiation on thermal
comfort. Int. J. Biometeorol. 51(3), 233-250 (2007)

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer



	Thermoregulation Model for the Reference Indian Adult
	Abstract
	Introduction
	Details of the Model Developed
	Reference Indian Adult Data
	Results and Discussions
	Validation of the Model
	Sensitivity Analysis
	Comparison of Various Group Under Dynamic Conditions
	Analysis of Thermoregulation in Different BMI Subjects
	Effect of Clothing
	Comparison Between Indian Man and Woman
	Comparison Between Young and Old
	Effect of Solar Radiation

	Conclusions
	References




