Biothermal Model of Patient for Brain Hypothermia Treatment
Hidetoshi Wakamatsu , Member, Lu Gaohua , Student Member

A biothermal model of patient is proposed and verified for the brain hypothermia treatment, since the
conventionally applied biothermal models are inappropriate for their unprecedented application. The model is
constructed on the basis of the clinical practice of the pertinent therapy and characterized by the mathematical
relation with variable ambient temperatures, in consideration of the clinical treatments such as the vital
cardiopulmonary regulation. It has geometrically clear representation of multi-segmental core-shell structure,
database of physiological and physical parameters with a systemic state equation setting the initial temperature
of each compartment. Its step response gives the time constant about 3 hours in agreement with clinical
knowledge. As for the essential property of the model, the dynamic temperature of its face-core compartment is
realized, which corresponds to the tympanic membrane temperature measured under the practical anesthesia.
From the various simulations consistent with the phenomena of clinical practice, it is concluded that the

proposed model is appropriate for the theoretical analysis and clinical application to the brain hypothermia
treatment.
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Fig. 1. Block diagram of biothermal system. The blood flow into the lung compartment is equal to the total one
into other compartments. Compartments in the same segment are brought together into the same dotted line
square. Double-headed hollow arrow represents conductive heat exchange between the two adjacent

compartments. Solid arrows represent convective heat exchange due to blood perfusion.
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Table 1. Parameters for the biothermal model of patient.

Segments L® @ 1 ® r @ o W 0 TO)r
?No.) Compartments [mm] wim/ 1 [kg/m’l  [Ikg/ 1 [x 10°Us] [V\?/m3] [ ]
Head® Brain 86 0.49" 1080 3850 10.13 13400 37.10

) Core 101 1.167 1500 1591 0 0 35.47
Shell 104 0.34 986 3180 3.18 237 35.21

Face Core 98 68 0.42 1258 2351 0.20 250 36.57
(2) Shell 98 78 0.34 900 2652 2.36 123 35.53
Neck Core 84 55 0.42 1118 3464 0.47 601 36.41
(3) Shell 84 57 0.34 974 3112 3.60 221 34.66
Superior Core 1609 34 0.42 1139 3278 0.43 549 35.36
limbs (4) Shell 1609 42 0.34 907 2703 0.27 134 33.36
Thorax Lungs 306 77 0.28" 550 3718 14.32° 600(5.23W* @) 36.65
®) Core 306 123 0.42 1143 3247 0.42 539 36.48
Shell 306 129 0.34 944 2932 0.63 181 33.91

Heart (6) 3550 7.19W° @ 36.65
Abdomen Viscera 552 79 0.53" 1000 3697 4.31 4100 37.00
@ Core 552 109 0.42 1123 3421 0.46 589 36.29
Shell 552 126 0.34 874 2472 0.15 89 33.51

Inferior Core 169 48 0.42 1142 3252 0.42 540 35.92
limbs (8) Shell 169 55 0.34 918 2770 0.30 147 33.47

T: Lumped temperature of compartment. T; Temperature of adjacent compartment. T,: Blood temperature. T,,: Temperature of cooling
apparatus. t: Time [s]. L: Length of segment. r: Outer radius of compartment. S: Outer surface area of compartment [m?]. V: Volume of
compartment [m®]. k: Conductive heat transfer rate between adjacent compartments [W/ ]. K, Interface thermal contact conductance
between body and cooling apparatus, k,=20.0 [W/m? 1. | : Thermal conductance. r: Density, r,=1069 [kg/m*]”. w: Blood perfusion rate
[m*blood/s/m®tissue]. ¢: Heat capacitance, ¢,=3650 [J/kg/ 1?. q: Metabolic heat production. m,,: Mass of heart, m,,,=0.322 [kg]®.

*: Initial temperature calculating from eq. (9) with k,=20.0 [W/m?* ], a=1.5, T,,]..,=[30 30 30]". ¥: Head in a hemispherical form.

$: Blood perfusion rate of lungs, on the assumption that the pulmonary circulation is equivalent to systemic circulation in value.

&: Heat loss from the lungs owing to the respiratory regulation. #: Total metabolic heat production in heart, Qh;_a,‘.
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Fig. 2. Energy balance in brain compartment. The
heat is generated by metabolism and mainly
washed out by the circulatory blood, partially
stored in the brain compartment or transferred to

the surrounding core compartment of cranium.
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Fig. 4. Efficiency of the various cooling apparatus.
The settling brain temperatures by means of
various apparatus are given in the parenthesis.
The cooling blanket is most effective for the
introduction of a hypothermic brain.
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Fig. 5. Step response of the brain temperature.
The time constant of the biothermal model is
estimated about 3 hours in agreement with
clinical knowledge.
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Table 2. Overview of data relating to time constant

of the clinical system.

Reporter Time constant” [hr] Reference
Hayashi 4* 10
Hayashi 3-6* 9 (p121-151)
Obayashi 1-4* 12 (p124-146)
Clifton 4* 9 (p153-160),20
Naritomi 2* 9 (p169-178)
Maekawa 2* 9 (p179-192)
Iberall 3% 16
Szmuk 1.4-3.2% 21
MacDonald 2* 22

¥: No data is used for the strict time constant of
system engineering in the clinic practice.
*: Clinical data estimated from the corresponding

references by the present authors.

&: Data obtained from the physical examination.
#: Theoretical data resulting from the electric

rmadal Af hinthAar;mmal cvictarm
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