The Bio-hed
Equation

How to model heaing of
tissue during laser treament
Irradiation
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Medical Optics

Why Thermal M odels?

0 During al medica laser applicaions based on
heding, it is desirable to have complete
knowledge of the temperature distribution.

0 Invasive temperature measurements can provide
information d the tissue temperature & discrete
pointsonly.

0 The number of probes that can be implanted is
restricted by patient tolerance and pradicd
aspects and thus the tissue temperature knowledge
Islimited.
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Motivation for a
mathematical model

E/in A mathematical model for
caculating the tisue
temperature during the
treatment could in a
valuable way complement
the invasive temperature
measurements.
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Some motivationsfor a
mode

0 A tregment can be optimised with resped to the
hea application geometry by maximising the
therapeutic efect while minimising unwanted side
effects

0 The outcome of atreatment can be evaluated based
on the model predictions

0 It can also be used for extensive parametric studies
in order to characterise the stability of various
treatment parameters

0 New treatment strategies can be suggested and
eVaI uated © Stefan Andersson-Engels




Heating of tissue using
laser light

To better understand the heating of
tissue during laser irradiation we
nead to look more in detail onthe
thermal properties of tissue

© Stefan Andersson-Engels

Heat flow factors

Among the general factors to consider to
understand transfer of heat in tisue are

0 The thermophysical properties of the tissue
(heat capacity, thermal conductivity etc)

0 Geometry of the irradiated organism

0 Hed production due to absorption d laser light
0 Hea production due to metabolic processes
0Hea flow due to perfuson d blood

0 Thermoregulatory medianisms
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Conservation of Energy

The balance of thermal energy in asmall “control
volume” can be stated:

qgain = qstorage + qI0$ +W

where the terms are the rates of hea gained by
light absorption and from the surrounding control
volumes, stored bythetisaue, lost through the
boundary of the volume and W work performed
by the tissue and metabolic heaing
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Consider the boundary
separ ately

To establish an urderstanding for the problem
we need to dvide the problem in two parts:

0 flow of hea between control volumes inside
the tissue without any boundary effects

0 consider the boundary conditions for
control volumes at the tissue surface

© Stefan Andersson-Engels




M echanisms of heat flow

The two main mechanisms for hed flow
inside atissueis
through conduction, meaning that the gradient

in temperature within the tisaue itself drives
the flow, and

through convection of thermal energy by the
perfusing blood.
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| nterior thermal flow

The conducted heat flow is governed bythe
Fourier law of hea conduction.

The law states that the anount of thermal
energy conducted througha medium s
proportional to the cross &ctiona areg the
temperature diff erence and the length o time.

It isinversely proportional to the length across
the medium.
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The Fourier Law of
Heat Conduction
Q= -kA(T, - T,)At / AL

Hed flow istherate of heat conducted per
unit area per unit time, according to

f =Q/(A At)=-k(T,-T)/AL
This meansin the limiting case for
infinitessmally small AL:
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Flow of Heat In Tissue

The flow of heat due to thermal
conduction can be expressed by

f =-kOT

owheref isthe hea flux vedor,
ok isthe mefficient of hea conductivity , and

nthe vector quantity —[OT hasa
magnitude egqual to maximum changein
temperature per unit distance
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| nterior Heat Flow

The two mgor paths for thermal flow inside
the tissueis thermal conduction and through
the blood flow. The net lossfor a control
volume is thus:

where p isthe
density (kg m3), ¢
= IS the specific heat
P (Jkg* K*) andg,
O =-pe-+0,+S istherate of hea
flow by bood

qloss - qgain,cond = _qstorage + S
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The Bio-Heat Equation

This can be written as the Bio-heat Equation

o
pc = 0(KIT) +q, +0, +q,

with sources due to absorbed laser light, blood
perfusion and metabolic adivity, respectively.
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Thermal properties of tissue

Thermo-physica properties of human tissue and water (adapted
from AF Emery and KM Sekins (1982; K Giering et a. (1995)

Material Conductivity Density Specific heat  Diffusivity
SWmIKY (kgm3)x10®  (kIJkglK™) (m2six107)

Muscle 0.38-0.54 1.01-1.05 3.6-3.8 0.90-1.5

Fat 0.19-0.20 0.85-0.94 2.2-24 0.96

Kidney 0.54 1.05 3.9 13

Heart 0.59 1.06 3.7 14

Liver 0.57 1.05 3.6 15

Brain 0.16-0.57 1.04-1.05 3.6-3.7 0.44-1.4

Water @ 37°C  0.63 0.99 4.2 15

Blood perfusion

The blood transports thermal energy both in and
out from the control volume studied. The net
inflow can be written as:

Ta
O~ ~0,PCP(T-T) *}

where w isthe blood perfusion (volume blood per
unit masstisaue per unit time, 1/s), p,andc, are
the density and specific heat of the blood, and T is
the temperature of the arterial blood
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| ntegration over a control
volume

The bioheat equation can be solved numerically
using the ntrol volume formulation. By
requiring that the eguation holds for a finite
volume and by assuming that the metabadlic hed
generation can be neglected, we obtain

or — _
Vch = —J’J KOT [ ds—Vawp,c,p(T - T.) +V@
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Boundary Conditions

At the boundaries other thermal energy losses also
exists.

0 Radiation is energy transfer via
electromagnetic wave action

0 Convection istransfer of thermal energy
throughafluid due to buk motion d the fluid

0 Evaporation requires energy for the phase
transition o
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Radiation

transfer, since it is transported by

g’;- No medium is necessary for energy
eledromagnetic radiation.

Thermal radiationis emitted mainly in the
visible and NIR wavelength region at the
expenses of the internal energy of the
system.
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The Stefan-Boltzmann
L aw

The total emitted thermal energy of a body
over the entire emisgon spectrum is given by

E(T) = goT? [W/m?]
where o is the Stefan-Boltzmann constant
0=5.67*108 [W/(m? K%],
and € isthe thermal emissivity averaged over
the thermal radiation spedrum.
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Radiation from tissue

In most modelling of internal biological
tisaues, the contributionfrom intrinsic
radiative hed transfer processesis negligible,
and it will most often not be wonsidered in the
hea balance euation.
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Convection

Convection is difficult to
model both for laminar and
turbulent  flow.  Often
empirically based relations
are needed to mode the
energy transport. This is
due to several simultaneous
proceses of hea flow
between the media
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Heat flow dueto
Convection

Convection is modelled according to Newton's
law of codling:

d.= hc(Te' Ts)

where q, is the hed flux at the surface into the
tissie due to convection (W m?2), h, is the
convection hea transfer coefficient (W m? K1),
T, and T, are the environmental and surface
temperatures (°C), respedively.
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Convection of air

The convedion heat transfer coefficient can
for a quadratic flat surface be expressed as:

h. = Nu k/D
where Nu is the Nusslt number
(dimensionlesy, k; is the thermal conductivity
of ar (W m! K%) and D is a dharacteristic
length equal to the length of one side of the
square plate (m).
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The Nusselt Number

The Nusslt number under free mnvection is
empirically found to be

Nu = 0.54[g,.. B(Ts- Te)D3/v?]0-25

where g,,. is the local accderation cue to
gravity (m s?), B is the volume coefficient of
expansion of air (K') evaluated at the mean
value of the surface ad environmenta
temperatures and v is the kinematic viscosity
of air (m? st).
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Water evaporation \f&l(

Hed lossdue to evaporation of water at a |laser-irradiated
surface can be modelled as:

qevap = hfghm(pv,e'pv,wt)

where g4, is the hea flux into the tissue due to water
evaporation (W m?), p, . is the density of water vapour in
air at room temperature (kg m3), p, & is the massdensity
of saturated water vapour (kg m3) a the surface
temperature Ts, hy, is the phase-change ethalpy of water
(Jkgl) and h, is the mnvedion mass transfer coefficient
(mst).

© Stefan Andersson-Engels




Convection mass
transfer

The onvection mass transfer coefficient can be
expressed by
h., =hJ(p.c.Le?)

where h, is the convedion heat transfer
coefficient, p, and c, are the density (kg m®) and
spedfic hea of air (Jkg! K1), respectively, and
Le is the Lewis number (dimensionlesg for the
diffusion of water vapour into air.
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Heat flux through
surface

The tota heat flux gq(,0) (Wm?) at the
upper bounding surface into the surface
control volume (i,0) can now be modelled as

CIsurf(i ’0) =
hC(Te'Ti ,0)+0£(Te4' Ti,04 T

hchfg(pv,e' pvsat)/ paCaL e
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