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PREDICTING TEMPERATURE CHANGES DURING COLD
WATER IMMERSION AND EXERCISE SCENARIOS:
APPLICATION OF A TISSUE-BLOOD INTERACTIVE
WHOLE-BODY MODEL

Anup K. Paul’, Swarup Zachariah', Liang Zhu?, and

Rupak K. Banerjee'

"Department of Mechanical and Materials Engineering, University of
Cincinnati, Cincinnati, Ohio, USA

2Department of Mechanical Engineering, University of Maryland, Baltimore,
Maryland, USA

A whole-body model with tissue—blood interaction was simulated to predict (1) cooling dur-
ing cold water immersion of the human body in water temperatures of 18.5°C, 10°C, and
0°C and (2) heating of the human body at walking intensities of 0.9, 1.2, and 1.8 m/s for
30min. The transient responses of body and blood temperature were obtained by simul-
taneously solving Pennes’ bioheat and energy balance equations. Predicted survival time
at 0°C was around 39-50 min. During exercise with sweating, core body temperature was
regulated within 0.25°C of its steady state value of 37.23°C.

1. INTRODUCTION

Evaluating the thermal response of the human body under various scenarios of
heat or cold stress is known to be highly challenging. The objective of using the
human body model is to compute the steady state and transient responses of the
human body under a variety of environmental conditions and physical activities.
This can be achieved by realistic modeling of the human thermoregulatory system
and its interaction with the surroundings.

Pennes’ bioheat equation [1] was developed in 1948 to determine steady state
temperature distribution in the human arm, which was modeled as a cylinder. This
model incorporated significant physiological details such as variation in metabolic
heat generation, blood perfusion, and radial heat conduction. Additionally, heat loss
from the surface of the cylinder by convection, radiation, and evaporation was
included. In the Pennes’ bioheat equation used in this study, blood temperature
(Thi0q) 18 applied as a steady state initial value at the beginning of the transient
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NOMENCLATURE
BSA body surface area (m?) V volume (m?)
¢ specific heat capacity (J/kg°C) Vpoay ~ volume of human body (m®)
E,, heat loss due to sweating (W/m2) Vipusetle  volume of muscle (m?)
h overall heat transfer coefficient Vorgan ~ volume of organ (m3)
(W/m*C) %RH  percentage relative humidity of air
k thermal conductivity (W/m°C) p density (kg/m")
My, volumetric shivering metabolic heat ® local volumetric blood perfusion rate
generation rate (W/m3) per unit volume of tissue (1/s)
P partial pressure of water vapor in [ volumetric average blood perfusion rate
ambient air (mmHg) per unit volume of tissue (1/s)
P vapor pressure of water at skin
temperature (mmHg) Subscripts
P, vapor pressure of water in ambient air ;. air
(mmHg) avg average
Gm volumetric heat generation rate due to  pjpod  blood
metabolism (W/m?) body body
Oext external thermal energy added to or ¢ core
removed from the blood (W) ext external
t time (s) m metabolism
T temperature (°C) muscle  muscle
T oir ambient air temperature (°C) organ  organ
Thivoa  blood temperature (°C) s skin
T. core body temperature (°C) sh shivering
T average skin temperature (°C) w sweating
T, body tissue temperature (°C) ¢ tissue
T, perfusion weighted average tissue w perfusion weighted average
temperature (°C)

computations. Pennes’ bioheat equation can be applied to multiple subdomains of a
human body that can be modeled as a combination of cylinders [2]. Computational
models developed around the early 1960s began to closely resemble the geometry of
the human body and included realistic boundary conditions to simulate different
environmental scenarios. A computational model that resembles the human body
is generally referred to as a “whole-body model” [2].

The earliest whole-body model was developed by Prof. Eugene Wissler’s lab. It
is a subdomain-based whole-body model that modeled different parts of the human
body as 15 cylinders. Pennes’ bioheat equation [1] was used to obtain the tempera-
ture distribution in each subdomain. Wissler’s model included local physiological
factors such as variability in blood flow rate and metabolic heat generation. In
addition to these factors, heat loss through the respiratory system and sweating
was also included. The vascular network of countercurrent arteries and veins was
embedded in individual cylindrical subdomains. This allowed for examination of
the thermal exchange from tissue regions to the blood, thereby allowing for the com-
putation of transient variations in 7j,,4. It was found that the results from Wissler’s
model closely approximated experimental data [3], and it was used extensively in the
1980s and 1990s for predicting body temperature and changes in Tj,,4. Since then,
different whole-body models were subsequently developed by Smith [4], Fu [5], Fiala
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et al. [6], and Salloum et al. [7]. Similar to Wissler’s whole-body model, these all
modeled a vascular network in their respective whole-body models.

The primary governing equations used in this study were reported by Zhu et al.
[8]. Similar to previous whole-body models, that study implemented Pennes’ bioheat
equation to predict temperature distribution in the human body with the input of
arterial blood temperature. The human body was represented by simplified geometri-
cal shapes such as spheres or cylinders. The vascular network shown in previous stu-
dies was replaced by an energy balance equation for determining changes in 7};,,4
after its circulation throughout the body. This was accomplished by integrating
the energy exchange between blood and surrounding tissue from Pennes’ source
term. The newly developed whole-body model was tested in regard to cooling by
intravenously injecting ice-slurry saline into the whole body to counteract fever
and lower body/brain temperature after head injury. The results of the study [8]
agree well with both simplified energy balance calculations and clinical observations.
This model has the potential to be implemented in other situations involving compli-
cated thermoregulatory systems, as well as for changes in dynamic boundary con-
dition surrounding the human body.

The primary computational result obtained from whole-body models is core
body temperature (7,), which is defined as the average temperature of the internal
organs in the human body [2]. The human body strives to maintain 7. close to a nor-
mothermic value of approximately 37°C [9]. This is made possible, to a large extent,
by the circulatory system that helps in blood perfusion redistribution throughout the
human body by either increasing or decreasing cardiac output during cold or heat
stress conditions. If the thermoregulatory system fails, severe physiological conse-
quences such as organ failure and/or neurological deficiencies are observed [10].
When the human body is immersed in cold water, factors such as increased heat
transfer coefficient and low water temperature lead to a decrease in blood perfusion
in the superficial skin and muscle layers, thereby resulting in a decrease in skin tem-
perature. Reduced skin temperature over extended periods of water immersion
impedes normal cellular functions, which are countered by bodily reactions such
as shivering and increase in blood perfusion. On the other hand, during moderate
or high-intensity exercise, thermoregulation in the form of increased blood flow to
the skin surface counteracts significant increases in cardiac output to keep up with
O, demands in the exercising muscles. Sweating on the skin surface can also be trig-
gered to lose heat easily to the environment, especially when the surrounding air tem-
perature is high. If the heat generated in the muscle cannot be effectively removed
from the skin surface, both 7},,; and body temperature will increase. It has been
reported that marathon runners’ body temperature can easily reach 40°C during
competitions [11].

In this study, we further developed the theoretical whole-body model [8] to
assess tissue-blood thermal interaction in a human body model under cold water
immersion and exercise conditions. The objective of this research is to demonstrate
the capability of the model to predict T, weighted average tissue temperature (7,,),
and T},,q by implementing the thermal responses of the human body under two
extreme environmental and physiological conditions. The flexibility of the model
and its potential for use in other thermoregulation situations and medical treatments
are also discussed.



Downloaded by [University Of Maryland] at 12:02 21 July 2015

PREDICTING CORE TEMPERATURE USING WHOLE-BODY MODEL 601

2. METHODS

A realistic human body geometry was developed for cold water immersion
(Figure 14) and exercise (Figure 1B), respectively. The human model consisted of geo-
metrical shapes representing body parts such as limbs, torso, neck, and head.
Additionally, a skin layer was added to the model to simulate vasoconstriction effects
[3] during cold water immersion. Heat transfer from the body to its surrounding
environment was determined using (1) Pennes’ bioheat equation to evaluate tempera-
ture distribution around the body and (2) an energy balance equation to calculate the
change in T},,,q during a transient heat transfer process. Pennes’ equation is defined as

dT,
P;Q‘Tl, = kl‘val + Gm + Ppivod Cblaad(D(Tblood - Tt) (1)

where o is the blood perfusion rate, p is the density, ¢ is the specific heat, k is the
thermal conductivity, and ¢, is the volumetric heat generation rate according to
metabolism. During cold water immersion or exercise, it is expected that T}, will
continuously decrease or increase, respectively. Consequently, an energy balance
equation was derived to compute the change in 7j,,,4, Where the blood within the sub-
domains of the body is considered as a single lumped system [8]. The governing equa-
tion for T};,,q 1S Written as

AT pioed
Phivod Chlood VhloodT = Qext — / / / PpioodChiood®( Thicod — T1)AVioay — (2)

Viody

where V.4 18 the total volume of the blood in the body. The changes in T}, depend
on the heat exchange between the blood and its surrounding tissue after its circulation

Internal . Internal \
Organ [T.] f N Organ |T,| {Head )
N,

1.8m

(—\—[—] ;l__ﬁ)&

Muscle Muscle

9.5 mm skin layer

(A) (B)

Figure 1. Geometry of a realistic human model for immersion in cold water (4) and for exercise scenario

(B).
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in the body. Q.,, is the external thermal energy added to or removed from the blood, in
units of Watts. However, for cold water immersion or exercise, Q,.;=0. The second
term on the right-hand side of Eq. (2) represents net heat transfer from the blood to
its surrounding tissue, and is calculated by integrating Pennes’ perfusion source term
in Eq. (1) over the entire body volume (V},4,). Equation (2) can be further simplified
with the introduction of average blood perfusion rate (®,y,) and T, as shown below:

dT; blood
Pbivod Cblood Vblood dt = —Pblood Cblood Davg ( Tblood - Twl) (3)

where ®,,, and T, are defined as

1
Wgyg :—Vb l ///OJdVbody (4)
ody

Vbod y

1
Tpym—— T dVioss 5
" PCWOgyg Vbody///pcw body ( )

Vbody

As shown in Eq. (3), Tpj0q Will decrease when T,,, is less than T},,,; and vice versa. For
example, during cold water immersion, a decrease in 7,,; leads to loss of heat from
Thiooa during its circulation, thereby further lowering 7}, In contrast, during
high-intensity exercise, an increase in 7,,, due to increases in cardiac output and metab-
olism leads to an elevated level of T},,,4 Since Egs. (1) and (2) are coupled, they are
solved simultaneously.

Solving a transient heat transfer process requires a prescribed initial condition.
In this study, we assume that the initial condition is the normothermic condition
achieved (steady state temperature profile for the model), when the body is in ther-
mal equilibrium with the environment. Typically, heat transfer from the human body
to its environment is through convection, radiation, and evaporation. In this study,
the three possible mechanisms of heat transfer from the body surface are represented
by an overall heat transfer coefficient (/) as part of the boundary conditions. During
the initial thermal equilibrium, the value of / for an ambient temperature of 25°C is
adjusted until 7, is equal to the initial T},,; value of 37°C. Consequently, the
right-hand side of Eq. (3) is zero, which results in no net energy exchange with the
immediate surroundings. This approach is reasonable since an individual can add
or remove clothes and turn on or off a fan to feel comfortable, resulting in an
adjustable £ value.

2.1. Cold Water Immersion Scenarios

Figure 14 shows a constructed realistic human body geometry for cold water
immersion. A 9.5mm skin layer was added to the human body model to simulate
vasoconstriction effects [3] during cold water immersion. The human model was
1.8 m tall, weighed 80kg, and had a calculated body surface area (BSA) of 2m?
[12]. Similar to the model proposed by Zhu et al. [8], the major computational
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Table 1. Physical and physiological parameters for the whole-body thermal model

Thermal Specific Blood Metabolic heat
conductivity Density heat perfusion generation
W/m°C)  (kg/m)  (/kgO) (1/s) (W/m’)
Muscle 0.5 1,060 3,800 0.0005 553.5
Skin 0.3 1,060 2,802 0.0005* 553.5*
Head 0.5 1,060 3,800 0.00833 9,225
Internal organs 0.5 1,060 3,800 0.001266 1,401.5

“For steady state solution in 25°C air. All physical and physiological properties of muscle, head, and
internal organs were obtained from [8]. Skin properties were assumed to be the same as for muscle except
for thermal conductivity and specific heat, which were obtained from [13].

subdomains are the muscle, head, internal organs, and skin (Figure 14). The
physical and physiological parameters of the muscle, internal organs, skin, and head
under ambient conditions are summarized in Table 1 and are similar to those
reported by Zhu et al. [8]. The properties of the skin are assumed to be the same
as that of the muscle except for thermal conductivity and specific heat capacity
[13]. The values of w,,, and Vs result in a cardiac output of 0.0054 m? /min
(5.4 L/min), which is consistent with reported values in most medical literature
[14]. The volumetric metabolic heat generation rate in each subdomain is assumed
to be proportional to that of local blood perfusion rate. The average metabolic rate
in the body was approximately 96.85W, based on a food consumption of
2,000 kcal/day. Total blood volume (V.4 in the body was 0.005 m? or 5L, and
the physical properties of blood are assumed to be the same as that of muscle.
Immersion in cold water was simulated by changing the value of ~ and the
water temperature to either 18.5°C, 10°C, or 0°C. The % value for cold water immer-
sion was calculated from energy balance to be 139 W/m2°C. During cold water
immersion, the additional metabolic heat generation rate due to shivering was mod-
eled in the muscles and internal organs using the Tikuisis—Giesbrecht equation [15,
16]. This equation relates the volumetric shivering metabolic heat generation rate
(M, W/m3) to changes in average skin temperature (7§, °C), BSA, volume of mus-
cle (Viuscie), volume of organ (V,,44,), and T¢, as shown below:
My, = (32.5(36 CT)+6.6(33—T,) —0.132(33 — TC)Z) X [L] (6)
Vorgan + Viscle

The shivering metabolic heat generation rate is simply added to the original metabolic
heat generation rate in Eq. (1) in the muscle and organ subdomains. Additionally, there
was no blood perfusion and heat generation in the skin layer during cold water immer-
sion, thereby simulating vasoconstriction when the skin was exposed to cold water.

2.2. Exercise Scenarios

The realistic human body geometry developed for the exercise scenario
(Figure 1B) is similar to that for the cold water immersion scenario. However, the
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skin layer was not required in this model since vasoconstriction does not occur
during exercise. The major computational tissue subdomains (Figure 1B) and physi-
cal and physiological properties of the muscle, internal organs, and head at resting
condition for the exercise model are the same as those in the cold water immersion
model (Table 1). Thermal response was calculated for three different exercise inten-
sities of walking on a treadmill at speeds of 0.9, 1.2, or 1.8 m/s. During exercise,
about 90% of the heat produced in the body is located in the muscles [17]. Hence,
to simulate exercise conditions, metabolic and perfusion rates were modified for
muscle only. As shown in Figure 24, the metabolic rate of muscle was allowed to
increase linearly from its resting state to a peak metabolic heat generation rate for
the respective exercise intensity [18] over 5min. Local blood perfusion rate was con-
sidered to be directly proportional to increases in the metabolic heat generation rate
[2], as illustrated in Figure 2B.

-~
T

(=2
T

w

w
T

————— Exercise intensity = 0.9 m/s

[
T

—-— Exercise intensity = 1.2 m/s

Metabolic rate * 10° (W/m?)
-

—— Exercise intensity = 1.8 m/s

10 15 20 25 30
Time (min)
A
8 r
7t
@
26
es -
* L J R R |
v, F
- S A0 SO DU
LN
q:.fz S 2 T N . T Exercise intensity = 0.9 m/s
&t —-— Exercise intensity = 1.2 m/s
1f —— Exercise intensity = 1.8 m/s
O " n L L L " n " " " " n " i n L i
0 5 10 15 20 25 30
Time (min)
(B)

Figure 2. Variation in metabolic rate (4) and perfusion rate (B) in muscle during exercise.
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Thermoregulation during exercise is achieved by increasing blood perfusion
rate and inducing sweating. When the increase in local blood perfusion rate is no
longer able to successfully regulate body temperature within its acceptable range,
the body utilizes sweating as a secondary mechanism to increase removal of heat gen-
erated in the exercising muscle. The original boundary condition at the body surface
is rewritten as

oT
—k; - = h(TI - Taii‘)latsurface + Esy (7>

on at surface

where n is the normal direction of the skin surface. The additional heat loss term in
Eq. (7) represents the heat loss due to sweating (E,,, W/ m?). E,,, was calculated as a
function of the evaporative heat transfer rate (h,, W/m?-kPa) and the difference
between the vapor pressure of water at skin temperature (P, mmHg) and the partial
pressure of water vapor in the ambient air (P,;, mmHg) [18-21]. The equation for
E,, was defined as

kPa
E,, = 0.1333 [mm Hg] X he(Ps — Puir) (8)

where P, and P, were calculated using the following equations:

mm Hg

o

P, = 1.92[ ] x Ty —25.3[mm Hg] 9)

Pur = Py x Y%RH (10)

In Eq. (10), P, is the vapor pressure of water at 25°C and %RH is the percentage
relative humidity of air, which was defined as 50%. Parameters were chosen accord-
ingly to incorporate the maximum possible evaporative heat loss in the absence of
clothing. Sweating is assumed to begin when T exceeds 37.23°C (steady state value
of T,), and thereafter it increases linearly with T.. The rate of sweating increases to
its peak value within a 0.18°C increase in T,. Figure 3 illustrates the variation in the
rate of sweating with 7. during exercise for a fixed skin temperature of 35°C. The
maximum possible rate of sweating of 460 W/m? (Figure 3) corresponds to a 7, of
37.41°C when the skin temperature is 35°C.

2.3. Numerical Method

The whole-body model was solved using the finite volume solver ANSYS Flu-
ent (v 13.0). Custom functions written in the C programming language were used to
include the blood perfusion effect (Eq. (1)) and to solve the energy balance equation
(Eq. (2)). Heat generation due to shivering (Eq. (6)), changes in metabolic heat
generation rate (Figure 24), local blood perfusion rate (Figure 2B), and additional
heat loss due to sweating (Eq. (8)) were also included in the whole-body model using
custom C program functions. A mesh independence study was performed on the
whole-body model developed for the exercise scenario (Figure 1B). The finite volume
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Sweating is triggered when
T.=3723°C

Sweatiing Rate * 102 [W/m?]

1

1

1

1

1

:

r 1
1t v

37.15 372 37.25 373 37.35 374 37.45 37.5
Core Temperature [°C]

Figure 3. Illustrative example of variation in sweating rate with 7. for a fixed skin temperature of 35°C.

mesh was refined until the change in steady state 7., T,,, and minimum temperature
under ambient conditions was below 1%. A total of 60,000 tetrahedral elements were
used to model the human geometry for the exercise scenarios. With the addition of
the skin layer and using a mesh size similar to that for the exercise model, a total of
118,000 tetrahedral elements were used to model the human geometry for the cold
water immersion scenario. A second-order spatial discretization and a first-order
implicit transient formulation were employed to solve Pennes’ bioheat equation.
An implicit scheme was followed in solving the energy balance equation for 7,0q
[8]. Time increments of 1min were used to solve the transient response of the
whole-body model and a convergence criterion of le-10 for temperature was
achieved within each time increment. The computational time required for the simu-
lation is reasonable (1-2h).

3. RESULTS

Numerical calculations were performed and analyzed to obtain the spatial and
temporal variation in the tissue temperature field in the theoretical whole-body
model for the two conditions. The primary result of interest is the temporal variation
in 7T, during the cold water immersion and exercise scenarios. In addition, the tran-
sient trends of 7},,s and T,,, were also determined to show their influence on the
temperature field of the body through thermal interactions with tissues.

3.1. Cold Water Immersion Scenario

For immersion in cold water, the steady state normothermic temperature field
under ambient conditions (25°C air) of the realistic geometry of the human body is
presented in Figure 4A4. The initial value of & for normothermic conditions was deter-
mined to be 10 W/m*C for the cold water immersion model. 7, varied between
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27
. 3359
+ 2991
r 26.23
r 2255

I—-—[ 18.87
= 15.18
+ 11,50
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(A) (B)

Figure 4. Initial body temperature distribution in 25°C air before immersion in cold water (4) and body
temperature distribution after 60 min of immersion at 0°C (B).

31.55°C and 37.27°C, while T, was computed as 37.21°C. The steady state tempera-
ture field shows almost uniform temperature in the torso and head. However, cooler
temperatures were observed in the limbs and skin. As a representative case, Figure 4B
shows the distribution of 7, after 60 min of immersion in 0°C water. T, varied
between 0.46°C in the limbs and skin and 33.8°C in the torso and head, while T
was 33.33°C.

3.1.1. Effect of skin layer and shivering. Figure 5 shows the computed
change in T, with or without the skin layer during immersion of the human body
in 18.5°C water. Without vasoconstriction in the skin layer, T, dropped rapidly
and reached 33°C within 60 min, which is below the critical 7. for survival. It may
be noted that this result includes the heat generation rate due to shivering. Thus,
with the skin layer and the effects of vasoconstriction included, the computed value
of T, exhibited a gradual decrease and attained a relatively stable value above the
critical temperature of 34.2°C. Moreover, the computed 7. using the computational
model with vasoconstriction in the skin layer, as seen in Figure 5, agrees well (vari-
ation of 0.5-1.7%) with that calculated using Wissler’s detailed whole-body model [3].

The effect of shivering on the computed change in 7. during immersion in
18.5°C water is illustrated in Figure 64. At the end of 80 min of cold water immer-
sion, the simulated 7, with the skin layer but without considering shivering was 4%
lower than that computed with shivering. The simulated 7. with shivering shows
trends and cooling rates (variation of 0.5-1.7%) similar to those using Wissler’s
detailed whole-body model [3]. The variation in 7},,,; and 7,,, during water immer-
sion at 18.5°C, 10°C, and 0°C is illustrated in Figures 6B and 6C. It is observed that
Thiooa and T,,; had the same value (37°C) before water immersion. During the tran-
sient computation it will be observed that the temporal value of T}, is somewhat
higher (0.02-0.04°C) than T, at any individual time point, while the trends are
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—-—--18.5 CWater - Without Skin

20 A I L M A S N i .
0 20 40 60 80 100

Time [min]

Figure 5. Computed 7, during immersion in 18.5°C water with and without the skin layer included in the
human body model.

similar. It may also be noted that T, and T}, values are lower than the corre-
sponding T, values.

3.1.2. Variation in T,.. Figure 7 shows the effects of water temperature on the
transient variation in 7T, and possible survival times predicted by the theoretical
whole-body model. It is evident that body temperature decreases faster with colder
water. When immersed in water at 18.5°C, the human body is able to establish a
relatively stable T, of 34.5°C after 100 min (Figure 74), whereas it loses heat more
rapidly during immersion in water at 10°C or 0°C. After 80 min, T, dropped to
33.8°C and 32°C during immersion at 10°C and 0°C water temperature, respectively.
It is known that the human body enters mild hypothermia at a T, of 35°C, and the
critical T, for survival typically ranges from 28°C to 34°C [16]. Hence, the survival
time for immersion in cold water was determined based on a critical T, of either
35.21°C (mild hypothermia due to a decrease of 2°C in T, from its steady state value
0f 37.21°C) or 34.21°C (a fatal event due to decrease of 3°C in T, from its steady state
value of 37.21°C). The survival times were obtained from the computed change in T
(Figure 74) and are presented in Figure 7B. For immersion in 0°C water, the body
enters mild hypothermia after 38 min and death is highly likely after 50 min. An indi-
vidual can survive in cold water at 10°C for a longer time if he/she is rescued within
70 min. Similarly, for immersion in 18.5°C water, the survival time varies between 72
and 131 min based on a critical temperature of 35.2°C or 34.2°C, respectively.

3.2. Exercise Scenario

The steady state normothermic temperature field under ambient conditions
(25°C air) of the whole-body model during exercise is shown in Figure 8 4. The initial
overall heat transfer coefficient / for normothermic condition was determined to be
5.1 W/m*C. T, varied between 34.34°C at the finger or toe area and 37.27°C in the
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Figure 6. Computed 7, for a realistic human body model during immersion in 18.5°C water with and
without shivering (4). Variation in Tj,.q (B) and T,,, (C) during cold water immersion.
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Figure 7. Computed 7, (4) and survival times (B) for a realistic human body model during immersion in
cold water at varying temperature.

brain tissue for the exercise model. It must be noted that the minimum steady state
temperature for the exercise model (34.34°C) is higher than that observed for the
cold water immersion model (31.55°C). As a representative case, Figure 8B shows
the temperature field in the human body model after 25min of exercise at the
maximum walking speed of 1.8 m/s with sweating heat loss. T, varied between



Downloaded by [University Of Maryland] at 12:02 21 July 2015

PREDICTING CORE TEMPERATURE USING WHOLE-BODY MODEL 611

T.=3741°C

309

27
T.['C]

(A) (B)

Figure 8. Initial body temperature distribution in 25°C air before exercise (4) and body temperature dis-
tribution after 25min of exercise at maximum walking speed of 1.8 m/s (B).

30.27°C and 37.47°C, while T, was 37.41°C, which is relatively higher than its initial
value of 37.23°C.

3.2.1. Variation in T, Figure 94 shows the variation in 7, over time for
exercise on a treadmill at different walking intensities without implementing sweat-
ing. 7. remained steady for around 2min as the metabolic and perfusion rates
increased in the muscle (Figures 24 and 2B). Initially a small decrease in 7, was
observed after 2 min. This is due to the predominance of the cooling effect caused
by the increase in blood perfusion rate (Figure 2B) as compared with the heating
effect due to elevated metabolism. In the highest-intensity exercise, the downward
trend in 7, stopped at 8 min. Subsequently, increase in 7, continued until the com-
pletion of the 30 min exercise, with the maxima being 37.43°C, 37.57°C, and 37.83°C
for low-, medium-, and high-intensity exercise, respectively.

Figure 9BI illustrates how sweating at the skin surface helps prevent continu-
ous increase in body temperature. The temperature profile at initial time points in
Figure 9B/ is similar to that in Figure 94. When the walking speed was 1.8 m/s,
the onset of sweating was observed when 7,.=37.23°C, at =13 min. The increase
in 7, over time, with sweating activated (Figure 9BI), for the maximum walking
speed of 1.8 m/s is comparatively lower than that observed for the same walking
speed with no sweating (Figure 94). However, reduction in 7, was not observed until
t =24 min. The final value of T, at 30 min was 37.36°C, whereas it would have been
37.83°C if the effect of sweating had not been considered (Figure 94). Similar con-
clusions can be drawn for the other two walking speeds.

3.2.2. Variation in T4, Twe and sweating rate. Figures 9B2 and 9B3
depict the transient profiles of T},,,s and T,,, when the sweating was activated. It will
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Figure 10. Variation of sweating rate with time during exercise.

be observed that the values for Ty, for all three cases are marginally higher than
T, (difference in values is <0.01°C). The final values of T},,s and T,,, at the end
of 30 min differ from 7. by around 0.4°C. Figure 10 illustrates the computed vari-
ation in the rate of sweating with time. The observed peak rate of sweating, Q,,
increased from 210 W/m? at a walking speed of 0.9m/s to 253 W/m? and to
325W/m? for speeds of 1.2 and 1.8 m/s, respectively.

4. DISCUSSION

The feasibility of applying the whole-body model [2, 8] to calculate changes in
T. during cold water immersion and exercise conditions has been demonstrated in this
study. The whole-body model incorporates variations in metabolic heat generation
rates, local blood perfusion rates, shivering, and sweating to compute variations in
T., Thivoa» and T,,, using transient heat transfer formulations. Cold water immersion
and exercise at constant intensity are among the preferred scenarios for assessing
human body models [9]. Both ambient temperature and / values can be varied or kept
constant, thereby allowing the model to demonstrate its capability to evaluate the
influence of variations in environmental conditions on body temperature.

4.1. Variation in Heat Transfer Coefficient (h) Values

The initial normothermic (25°C air) & values for the cold water immersion case
and exercise case were iteratively determined to be 10 and 5.1 W/m?*°C, respectively.
For cold water immersion, the geometry of the human body has an additional
9.5 mm layer of skin. The lower conductivity of skin (Table 1) requires increased con-
vection on the body surface for 7,,, to attain the value of 37°C, whereas in the exer-
cise scenario, the human body model can achieve a value of 37°C for T,,, at a lower &
value since the skin layer is not required. It should be noted that the computed initial
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normothermic / values are still within the range of acceptable natural convection
values in air [21-23].

The differences observed in the steady state temperature distribution of the two
human body models (Figures 44 and 84) are due to the difference in 4 values. The
higher temperature values observed in the head region are due to high metabolic
values in the brain tissue. The brain region represents only 2% of a typical body mass
but it receives around 11% of cardiac output and accounts for 20% of total oxygen
consumption in the body [24, 25]. Similarly, the maximal temperature in the organ
zone is also very close to that in the head, due to high metabolic rate and the larger
size of the torso. On the other hand, the extremities of the hands and feet have a large
ratio of surface area to volume and thus the lowest temperature values are recorded
in these regions. The present simulated temperature fields and methodology for com-
puting T, agree well with those observed in clinical settings. For example, the brain
temperature is typically 0.3°C higher than arterial temperature [26]. Further, the rec-
tal location is usually considered as an acceptable site for monitoring 7. [27].

4.2. Influence of Skin, Vasoconstriction, and Shivering

Simulating the variation in 7, during cold water immersion with or without
vasoconstriction in the skin layer illustrates the importance of thermoregulation
under extreme environmental conditions. Experimental data have shown a similar
decrease in T, over the duration of 60min for similar environmental conditions
[3]. The reduction in blood perfusion through skin due to vasoconstriction in cold
environments, and the relatively lower thermal conductivity of the skin, result in
high thermal resistance across the skin layer. This causes a smaller decrease in T
over time. This is reasonable since vasoconstriction slows heat loss from the body,
thereby resulting in a slower decrease in tissue temperature (T;). Another thermore-
gulatory mechanism is through shivering, which generates heat in the tissue region
with reduction in body temperature. A delay in the decrease of T, over time, under
cold stress conditions (Figure 64), is observed as a result of shivering-induced higher
metabolic activity within the muscle and internal organs. When the skin layer, shi-
vering, and vasoconstriction are included in the model, a gradual and realistic drop
in T, (Figure 5) was observed. The T}, values of Figure 6B are marginally higher
as compared with T, (Figure 6C). Additional heat generated due to shivering allows
for transfer of heat from the tissue to blood at initial time points. Subsequently,
Thiooa loses its heat to the peripheral tissue regions, which are cooler because of
the cold environmental conditions (h =139 W/m2). Further, it is of interest to note
that T values are comparatively high because of the delay in heat exchange from the
organ zone to the muscle zone exposed to the cold water. Analysis of the model for
different water temperatures demonstrates that with lower water temperature,
survival time decreases (Figure 7B).

4.3. Variation in Metabolic Rate and Perfusion During Exercise

Under controlled exercise conditions, athletes gradually ramp up their walking
speed and then continue at the same intensity till the end of activity. Thus, the muscle
metabolic rate was linearly increased over a ramp-up period of 5min and then held
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constant for 25min at maximum intensity (Figure 24). Since the increase in per-
fusion is a bodily response to increased metabolic rate [2, 8], blood perfusion was
allowed to vary proportionally to metabolic rate (Figure 2B). As expected, increases
in local blood perfusion values act like a heat sink to counteract the increase in meta-
bolic heat generation. As shown in this analysis, the role of a heat sink is effective
initially (Figures 94 and 9BI). However, blood perfusion is unable to overcome
the increased metabolism present during an extended period of exercise and therefore
body temperature continues to rise.

4.4. Sweating

The model also evaluates how sweating helps to control increase in body tem-
perature. Sweating during exercise is known to play an important role in thermore-
gulation of the human body when the surrounding air is relatively dry. When the
local blood perfusion rate is unable to regulate T, within its steady state value of
37.23°C, or if there is a rapid increase in 7., sweating proves to be a compensating
mechanism for cooling the human body. This is because of a significant amount of
latent heat released from the skin surface during evaporation of water [28]. As
expected, when sweating was not allowed, 7T, increases continuously over the entire
duration of the exercise (Figure 94) while the rising trend of T, is reversed to reduce
temperature when sweating is allowed to occur (Figure 9B1). Despite the occurrence
of sweating, the resultant regulation in 7, is observed to begin only after 24-28 min
depending on exercise intensity (Figure 9BI). The reason for this behavior is twofold:
(a) sweating rates are relatively less at lower values of T, (Figure 3), and (b) there is a
time lag between the response of T, and heat loss from the body surface due to the
relatively higher thermal resistance of tissue within the body (Biot number ~4.2).

4.5. Assumptions

The whole-body model implemented in this study can be considered as a simple
model as it did not consider detailed geometry of the body and certain physiological
factors. For the cold water immersion scenario, reduction in metabolism due to cool-
ing was not considered. Although shivering reduces the cooling rate, its effect can be
limited by the possibility of shivering fatigue during prolonged exposure of the
human body to cold environments [3, 16]. Shivering fatigue was ignored in this
study. Vasoconstriction is assumed to be instantaneous, while variation in such a
phenomenon is reported to be a function of T, [29]. Literature reports suggest that
sweating varies linearly with T, [20, 30, 31]. Accordingly, linear variation in sweating
over a 0.18°C increase in T, in conjunction with the trigger value of 37.23°C (steady
state T, value), were assumptions applied in this study (Figure 3). Further, the model
assumes uniform sweating over the entire body surface whereas certain regions like
the forehead and chest are known to exhibit elevated sweating [23, 32, 33]. Under
realistic walking conditions, due to variable air speed [18, 34], heat transfer coefficient
(h) values vary from one surface area to another of the human body. However, this
study considers a uniform / value for the whole-body model. Fat layers under the
skin and thermal resistance due to the thickness of clothing materials were not con-
sidered in the calculation of heat transfer coefficient. We envision that by (a) adding
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additional geometrical details to reflect a realistic human body and (b) accounting
for variation in physiological and environmental factors, more accurate prediction
of temperature can be obtained. The lumped system described in this study ignores
the counter current heat transfer between arteries and veins. It also does not account
for spatial variation in 7},,,,. However, one of its advantages is its ability to compute
tissue-blood interaction with reasonable accuracy, and without the need for a com-
putationally intensive detailed vasculature network representation of the circulatory
system.

The whole-body model evaluated in this study can be used to treat patients
who have either hyperthermia or hypothermia. The model can predict changes in
T, and rate of sweating during sporting activities like cycling, running, etc. This
would help monitor the patient’s/athlete’s health. Additional applications for the
whole-body model include testing the performance of protective apparel for soldiers,
firefighters, deep sea divers, etc. This is expected to ensure effective protection and
increased safety.

5. CONCLUSIONS

Variation in T, under cold water immersion and exercise conditions were cal-
culated in a whole-body model using a tissue-blood interactive equation. It was
essential to include the skin layer detail in the geometry for simulating vasoconstric-
tion effects during cold water immersion. The predicted survival time in 0°C was
39-50 min based on a decrease of 2-3°C in T,. The human body was able to attain
a relatively stable 7, of 34°C in a water temperature of 18.5°C. It was shown that the
computed drop in T, during cold water immersion compares well with the results cal-
culated from Wissler’s whole-body model. When sweating was allowed for exercise
conditions, the computed values of T, were between 37.41°C and 37.16°C. The rela-
tively small deviation of 7. from its steady state value during exercise was due to the
combined effects of change in blood perfusion and sweating-induced evaporation
from the skin surface.
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