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Thermo-Mechanical Analysis of Brain Tissue During Freezing
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Abstract: Although the brain is the most important organ in the human body, its thermo-mechanical coupling
mechanism during cryogenic freezing remains unclear. A thermo-mechanical model for the cryogenic freezing of
brain tissue was established, considering the special shape of the skull and brain, the cerebrospinal fluid, the
cranial constraints, and the frost-heave effects. Analyses of the temperature field, the phase field, and the pres-
sure field caused by the frost heave of the cerebrospinal fluid during freezing show that, the temperature of the
cerebrospinal fluid remains unchanged during coagulation, while the maximum temperature difference within
the brain tissue could reach 20 K. The solid-liquid phase interface is about 0.3 mm thick, and the driving veloci-
ty is about 0.09 mm/s. The maximum displacement of the brain tissue due to freezing is about 0.12 mm near the

skull, and the pressure gradient at the solid-liquid interface is as high as 500 MPa/mm, while the pressure in-
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side the solid and the CSF keeps almost unchanged. This study provides a theoretical support for the human
brain cryopreservation strategy and the brain protection.

Key words: brain tissue; cerebrospinal fluid; poro-elasticity; frost heaving pressure
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Table 1 Values of brain physical parameters

physical parameter value range reference value

size r;,r, 5 em
grey matter 0.57 W/ (m-K) [
thermal conductivity of matrix A, white matter 0.50 W/ (m-K)[?] 0.53 W/(m-K)
brain tissue 0.66 W/ (m-K) %
cerebrospinal fluid 0.62 W/ (m-K) [??]
. plasma 0.63 W/ (m-K) 2]
thermal conductivity of water A 0.60 W/ (m-K)
blood 0.63 W/ (m-K) %!
water 0.59 W/ (m-K) [?*]
thermal conductivity of ice A; ice 2.1 W/(m-K)[*] 2.1 W/(m-K)
" o . grey matter 3.7 kJ/ (kg-K) (%]
specific heat capacity of matrix c,, i 3.7 kJ/(kg-K)
white matter 3.6 kJ/ (kg-K) [22]

cerebrospinal fluid 4.2 kJ/ (kg-K) [

specific heat capacity of water ¢, blood 3.6 W/ (m?-K) [ 4.2 kJ/ (kg*K)
water 4.2 kJ/ (kg-K) [20]

specific heat capacity of ice c; ice 2.1 kJ/ (kg-K)[?] 2.1 kJ/ (kg-K)
3[22]

. . grey matter 1 038 g/cm’
density of matrix p,, 1.038 g/cm’
white matter 1 039 g/cm?[??]

cerebrospinal fluid 1 007 kg/m?[??]

o . 3
density of waterp, blood 1 050 kg/m? (2 1 007 kg/m
density of ice p; ice 917 kg/m3 ¥ 900 kg/cm’
Young’ s modulus of brain £, 338.15 Pal28! 338.15 Pa
Young’ s modulus of ice E; 8 GPal?! 8 GPa
bulk modulus of water K 2 GPa 2 GPa
Poisson’ s ratio of brainu,, 0.3028 0.3
phase transition temperature of water T, 273 KL30 273 K
latent heat of phase change L 334 kJ/kgl®V 334 kl/kg
environment temperature T, 253 K32 253 K
initial temperature T, 293 K
saturation capacity 6, 0.75~0.95!6! 0.9
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Fig. 4 The displacement field in the brain tissue during freezing
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