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The paper presents a review and analysis of the existing physical and computer models of 
human head cooling. With the aid of object-oriented computer simulation of currently 
available physical models the distributions of temperature in human head at given thermal 
fluxes on its surface are determined. The disadvantages of the existing models of human head 
are determined and the ways for their improvement are proposed. 
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Introduction 

Brain oxygen starvation (hypoxia) is a relevant problem in medical practice which is due to 
inadequate oxygen flow to nervous tissues. This happens for two reasons: the lack of oxygen in 
blood or disturbance of blood delivery to brain. Hypoxia is observed at cerebrovascular accidents, 
shock states, acute cardiovascular insufficiency, atrioventricular heart block, head injuries and 
asphyxia of different origin. Brain hypoxia can be a complication of cardiac surgery and vascular 
procedures, as well as in the early postoperative period – at hypoxic brain edemas, intoxication 
and central nervous system injuries. 

It is known that brain cooling reduces its oxygen requirement, increases resistance to 
hypoxia, thus increasing permissible duration of oxygen starvation. Thus, for instance, cooling by 
5 °С extends brain lifetime several times [1 – 4]. 

For a correct design of brain hypothermia devices it is necessary to know the distributions 
of human brain temperature. However, physical models and the results of computer simulation of 
thermal processes in human head reported in the literature are contradictory. 

In [5], a two-dimensional mathematical model was developed to study brain cooling of 
newborns and adults at cold water diving. The model of head is simplified and has the form of a 
hemisphere composed of brain, skull and skin. The results of simulation show that for newborns 
the temperature of blood in carotid artery is reduced by as low as 0.1 °C within 5 min at diving to 
water with temperature Т = 2 °C, and no cooling was observed in this case for adults. In [6], a 
three-dimensional model of human head was built with regard to thermophysical properties of 
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human head constituent layers. Computer simulation of human head cooling with ice was 
performed. It is established that brain cooling will be observed only in the case when blood 
perfusion is disregarded. Brain cooling with the aid of cooling helmet of temperature Т = 0 °С 
was studied, in which case there is slight cooling of brain cortex, while brain nucleus temperature 
remains constant (Т = 37 °С). Besides, this paper studies cooling of blood that circulates through 
the neck. It is established that cooling of arterial blood will take place only in the case when blood 
rate will be reduced by an order of magnitude, which is impossible under real conditions. A three-
dimensional (3D) simulation of human head was done in [7]. In this case a physical model 
comprises four layers: the white and grey substance, skin, and skull. It is established that slight 
temperature reduction of brain surface will take place, but similar to [6] the model does not take 
into account blood perfusion. In [8], computer simulation of brain cooling of newborns and adults 
with the aid of cooling helmet is performed using Comsol Multiphysics. The results for newborns 
show that only 5 – 6 mm of near-surface brain layer are cooled, and the temperature of brain 
nucleus is not reduced even after six hours of use. The results of simulation of adult head show 
that at a minimum temperature of cooling helmet Т = 0 °C the temperature of brain is reduced by 
0.4 °С. In [9], an experimental study of human head and neck cooling was performed on  
5 volunteers at the ages from 31 to 48. Cooling was performed for 30 min with the aid of cooling 
helmet and collar made of a double nylon layer, with openings for air blasting in the inner layer, 
air temperature 14.5 °C, and flow rate 42.5 l/s. Brain temperature control was performed via 
MRT-scanner. It was established that brain temperature within 30 min was reduced by 0.45 °C, 

and the esophagus temperature – by 0.16 °C. The results obtained testify that there is a slight 
cooling of human brain and circulating blood. 

Therefore, the purpose of this paper is to reveal the incorrectness of the existing models of 
human head and to determine the distributions of temperature in human head at given thermal 
fluxes on its surface. 

Physical model of human head 

Physical model was created on the basis of the existing models of human head and is a 
hemisphere of radius R equal to the average radius of an adult human head (Fig. 1). This 
hemisphere has near-surface layers 1 – 3 whose thicknesses are equal to the average thicknesses 
of scalp h1, subcutis layer h2 and cranial bones h3, respectively. Inside the hemisphere there is 
brain 4 of radius R4. The corresponding layers 1 – 4 are considered as volumetric sources of heat. 
In each of them uniformly in the volume of the layer a metabolic heat qMETі (i = 1..4) is generated, 
and heat exchange with the circulating blood takes place which is assigned by blood perfusion 
coefficient ωbі. In so doing, brain is a biological tissue with high perfusion of blood, and blood 
temperature is constant (Тb = 37 °С). The temperatures at the boundaries of corresponding layers 
are T1, T2, T3, T4. The thermophysical properties of these biological layers are given in Table [10]. 
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Fig. 1. Physical model of human head. 

Table  

Thermophysical properties of human head biological layers [10] 

Anatomical 
organization of 

human head  

Thermal 
conductivity 

(k) (W/m·K) 

Density 
(ρ) 

(kg/m3) 

Specific heat 
(Cp) (J/kg·K) 

Perfusion  

(Wb) (l·s-1 m-3) 

Metabolism 
(qmet) 

(W/m3) 

Scalp 0.47 1000 3680 1.5 363 

Subcutis 0.16 850 2300 0.2 130 

Scull 1.16 1500 1591 0.15 130 

Brain 0.49 1080 3850 8.5 10437 

Blood 0.5 1069 3650 – – 

The upper surface of hemisphere is in the state of heat exchange with the environment (due 
to radiation and convection) or with the cooling helmet (with the assigned integral heat transfer 
coefficient). In so doing, q1 is the density of thermal flux dissipated from human head to the 
environment. The temperature of the lower hemisphere surface is Т5 = 37 °С. 

Mathematical description of physical model 

A general equation of heat exchange in biological tissue is as follows [1 – 10]: 

( ) ( )
i ii i i b b b b met

TC T C T T q
t

∂
ρ ⋅ ⋅ = ∇ κ ⋅∇ +ρ ⋅ ⋅ω ⋅ − +

∂
,               (1) 

where і=1..4 are corresponding layers of human head physical model, 
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ρі is the density of corresponding biological tissue layer (kg/m3), 
Сі is specific heat of corresponding biological tissue layer (J/kg·K), 
ρb is blood density (kg/m3), 
Сb is specific heat of blood (J/kg·K), 
ωbі is blood perfusion rate in corresponding biological tissue layer (m3·s-1·m-3), 
Тb is human blood temperature (K), 
qmetі is the amount of metabolic heat of corresponding layer (W/m3), 
Т is absolute temperature (K), 
κі is thermal conductivity of biological tissue (W/m·K), 
t is time (s). 

The summand on the left-hand side of equation (1) is the rate of change in thermal energy 
comprised in the unit volume of biological tissue. Three summands on the right-hand side of this 
equation are the rate of change in thermal energy due to thermal conductivity, blood perfusion and 
metabolic heat, respectively. 

The equation of heat exchange in biological tissue (1) should be solved with the following 
boundary conditions (2) – (3): 

4 4
1 0 0

1

( ) ( )

( )

rad conv conv

fluid fluid

q q q T T h T T
або
q h T T

⎧ = + = ε ⋅σ ⋅ − + ⋅ −
⎪
⎨
⎪ = ⋅ −⎩

,   (2) 

5 310 KT = ,      (3) 

where q1 is the density of heat flux dissipated from human head to the environment, qrad is the 
density of heat flux due to radiation, qconv is the density of heat flux due to convection, ε is 
emissivity factor, σ is the Boltzmann constant, Т is absolute temperature, Т0 is ambient 
temperature, hconv is coefficient of convective heat exchange, hfluid is coefficient of convective heat 
exchange with fluid, Тfluid is fluid temperature. 

Computer simulation results 

In order to determine thermal influence on human head, a 3D computer model of a head 
whose surface is in contact with cooling helmet was created. To construct the model, Comsol 
Multiphysics software package was employed [11], allowing simulation of thermophysical 
processes in human body biological tissue with account of blood circulation and metabolism. 
Calculation of temperature and heat flux density distributions inside human head was done by 
finite element method (Fig. 2). [12]. 

Object-oriented computer simulation was employed to determine temperature distribution 
inside human head. As an example, Fig. 3 shows temperature distribution in the axial section of 
human head with the total thermal flux from its surface Q = 10 W. 
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Fig. 2. Finite element method mesh in COMSOL  

MULTIPHYSICS computer program. 

 

Fig. 3. Temperature distribution in the axial cut of human head with 
the total thermal flux from its surface Q = 10 W. 

The range of values of thermal fluxes from the surface of human head is Q = 10 ÷ 100 W, 
which is limited by minimum allowable head surface temperature + 2 °С. For convenience of 
comparison of said thermal modes, Fig. 4 shows temperature distributions along the radius of 
head hemisphere with the respective values of thermal fluxes from human head surface. 

 

Fig. 4. Effect of cooling power Q on temperature T 
distribution along radius R of human head hemisphere. 
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From Fig. 4 it can be seen that on condition of maintenance of a minimum allowable 
temperature of head skin (+ 2 °С), only 3 mm of human brain surface layer can be cooled to the 
required temperature + 32 °С. In so doing, the temperature of brain nucleus remains constant 
(+ 37 °С). In this case, 90 W of heat is removed from the head, which according to the literature 
data [13] is 90 % of total heat production of human organism. However, in actual practice, brain 
must be cooled, since heat removal on the level of 90 W exceeds 6-fold the total heat production 
of human head. As a result, blood that passed through the head must be cooled, and passing 
through human body it must cool the entire human organism, and, on coming back to the head, the 
temperature of blood must be somewhat lower than + 37 °С which in the existing models is given 
by a constant. It is apparent that exactly this fact is the main disadvantage of the existing physical 
and computer models of human head. 

Thus, currently available approaches to creation of physical models and computer 
simulation of human head assuming arterial blood temperature to be constant (Тblood = + 37 °С), 
should be improved by taking into account gradual cooling of circulating blood and heat capacity 
of the entire human organism. 

Conclusions 

1. With the aid of object-oriented computer simulation on the basis of the existing physical 
models the distributions of temperature in human head were determined under given thermal 
fluxes on its surface. It was established that on condition of maintenance of a minimum 
allowable temperature of head skin (+ 2 °С), only 3 mm of human brain surface layer can be 
cooled to the required temperature + 32 °С, while the temperature of brain nucleus remains 
constant (+ 37 °С). 

2. It was established that currently available approaches to creation of physical models and 
computer simulation of human head assuming arterial blood temperature to be constant 
(Тblood = + 37 °С), should be improved by taking into account gradual cooling of circulating 
blood and heat capacity of the entire human organism. 
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