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In a medium such as biological tissue, the optical parameters may vary widely within a small volume. These
small-scale variations cause variations in the light dose. A method is presented that quantifies (in the diffusion
approximation) the average value and the standard deviation of the light fluence rate in a medium with sto-
chastic optical parameters. Four optical parameters (i, s, g, and u,’) are modeled separately at each point in
the medium as samples of correlated distributions. We find that the mean value differs only slightly from the
fluence rate calculated with the average optical parameters. When the standard deviation of the optical pa-
rameter is ~30%, the standard deviation of the stochastic fluence rate is of the same order of magnitude as the
average fluence rate itself. Relative to the average value of the fluence rate, the standard deviation increases

the fluence rate is more noisy deep in the medium.
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steadily with distance from the source:
INTRODUCTION

Traditionally, light distributions in scattering media are
calculated with the use of deterministic optical parame-
ters. These optical parameters are measured many times,
and the average values are used for the calculations (see,
e.g., Ref. 1).
homogeneous on a small scale. In reality, only a few are.
For example, in biological tissues the absorption coeffi-
cient varies widely within each cell. If one calculates
light fluence rates in an inhomogeneous medium deter-
ministically (using only the average values of the optical
parameters), one also needs an indication of the range
over which the actual (stochastic) fluence rates vary.

In this paper, the description of light transport is sim-
plified by use of the diffusion approximation (P, approxi-
mation). In highly scattering media, diffusion theory
describes the bulk of light transport and is accurate enough
for describing the main stochastic effects. Furthermore,
only one simple geometry is considered: an infinitely
thick, stratified medium irradiated by a diffuse light beam.
Although this one-dimensional geometry is in most cases
not a realistic one, results for this geometry give an indica-
tion of the effects in other (three-dimensional) geometries.

A method is derived for calculating the expected value
of the stochastic light fluence rate. If the expected value
differs significantly from the deterministic fluence rate
then a deterministic calculation is biased and inaccurate
as is the case, for example, in Ref. 2. Furthermore, to
quantify the variations of the stochastic fluence rate, we
derived a method for calculating the standard deviation of
the light fluence rate. The results are given for a typical
biological tissue during a medical laser treatment.

METHOD

Diffusion Theory

To study the effect of stochastic optical parameters on the
light fluence rate, a one-dimensional tissue geometry is
chosen, as shown in Fig. 1. An infinitely wide and infi-
nitely thick medium is irradiated by a diffuse light source
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In that way, the media are assumed to be '

(by diffuse we mean uniformly distributed in angle). Op-
tically, the medium can be characterized by the following
parameters: the absorption coefficient u, and the scat-
tering coefficient u, (both in inverse centimeters); the
mean cosine of the scattering angle g; and n, the index of
refraction of the medium as compared with that of the
surroundings. Derived optical parameters, used in diffu-
sion theory, are the reduced scattering coefficient u," = u,
(1 — &), and the reduced total attenuation coefficient
Mo = po + p,'. In this paper, p., p,, g, and u,’ are con-
sidered stochastic parameters, one at a time.

Light transport in a highly scattering medium can be
well approximated by diffusion theory.®® In the geometry
of Fig. 1, the governing equations for the light fluence rate
¥(2) and the light flux F(z) (both in watts per square
centimeter) are given by®

(%‘I'(z) + 3u(2)F(2) = 0, (1a)

d
EF(Z) + 1. (2)¥(2) =0, (1b)
¥(0) + 2AF(0) = F;, (1c)
lim¥(z) =0, 1d)

2->®

where A and F; account for internal reflections at the
boundary surface”:

1+ R2,
A= me’ (2)
1~ Rl
-Fi - 4F’incl _ le (3)

Here F;,. is the incident flux. For each i, Ri is a different
moment of the Fresnel reflection function for unpolarized
light, R(u). Subscript s refers to reflection of light in the
surroundings of the medium at the surface of the medium.
Subscript m refers to reflection of light in the medium at
the other side of the same surface. When the index of re-
fraction of the tissue and that of the surroundings match
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Fig. 1. Geometry: a one-dimensional medium of infinite thick-
ness is irradiated with a diffuse light source with a total flux Fix..

(i.e., n = 1), the terms Ri are zero. Then in Eq. (1¢c), fac-
tor A equals 1 and F; equals 4F;,,. When n 5 1, the defi-
nition of Ri is

1
Ri=(G+ 1)j £ Rwdu, @
[}

where R(u) is the Fresnel reflection as a function of u, the
cosine of the polar angle. The Ri’s should be obtained by
numerical integration.® For a medium with an index of
refraction of 1.4, which is surrounded by air, we find that
A= 2948 and F; = 7.838 Fi,.

With use of an integrating sphere, the total of the light
reflected by a sample, RT, can be measured (in watts per
square centimeter). Within diffusion theory this quantity
is a function of the fluence rate and the flux at surface
z = 0 and can be calculated from

1 ¥(0) 2

RT = F(O) + Rls-Finc~ (5)

The last term in Eq. (5) describes the incident light di-
rectly reflected by the surface. With use of the boundary
condition at z = 0 [Eq. (1¢)], Eq. (5) can be simplified to

_ v(0) (-1+ 2R1, + R2,)

RT 2A 1 + R2,)

Finc. ©

For a medium with an index of refraction of 1.4 in air we
obtain RT' = ¥(0)/5.895 — 0.330Fy..

The solution of the diffusion equations, Egs. (1), in a de-
terministic medium is straightforward. In what follows,
deterministic parameters and quantities are given the
subscript 0. The fluence rate and flux in a nonstochastic
medium are given by

__ koF
Yo(2) = Fo + ZHaA exp(—ko2), (7a)
. I-"aOF'i _
Fy(2) T+ 2nmA exp(—ko2), (7b)
where
kO = (3lLa0I-Ltr0)1,2- (8)
Stochastic Medium

‘We now consider a medium with stochastic optical parame-
ters. In such a medium the fluence rate is also a sample
from a distribution and has an expected value and a stan-
dard deviation.
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We consider a medium in which one of the optical
parameters is sampled from a statistical distribution at
each depth z. The one parameter that is varied is de-
noted u. Parameter p is pq, s, £ or the combination
ws' = us(1 — g). We assume p to be the sum of a constant
average value, puo, plus a statistical disturbance, p:(2).
Variation p1(2) is small compared with go. The correla-
tion between p, distributions at two different depths is

assumed to decrease exponentially with distance.>*
w(2) = po + pa(2), (9a)
o = const., 9b)
(p1(2)) = 0, 9c)
(ui(2)p 1)) = ao? exp(—alz — w|), (9d)

where (f(u)) signifies the expected value (average value) of
£, i.e., f(u) multiplied by the probability function of p and
integrated over all possible values of 4. Factor ac?in the
correlation function determines the magnitude of the sto-
chastic variations. For example, the absorption coeffi-
cient can be considered a stochastic variable. Then p =
Mas a(2) = oo + p1,(2), and o = o, while the scattering
parameters are constant: p,(2) = p.o and g(z) = go.
Parameter « in Eq. (9d) determines how strongly the
wq distributions at different depths correlate. In Fig. 2
some examples of u; distributions are shown for different
values of @.’? If a is small, the u; sample at one depth is
close to the u; samples at depths nearby. If & equals 0,
the p; samples are all the same and the medium is homo-
geneous with one (unknown) u, value everywhere. For
larger values of a, the distributions at different depths are
less correlated. Distributions of u;(2) that are totally un-
correlated are called white noise in signal processing.®"
For white noise, one can obtain in two ways the results
that follow: either by considering the limit for a — «
after using Eq. (9d) or by using a §-Dirac function in-
stead: {(u1(2)p1W)) = 0?8(z — w). Because most real-
istic media are not strongly correlated, the a values
considered in this paper are limited to the larger values.

=0 oa=5ky a=10ky 0> «

1
zZ=7-
k,

e

Fig. 2. Examples of media with stochastic optical parameters
with different correlation functions. A dark pattern means a
high u, value. The probability distributions for wy(2) are the
same at each depth, but, going from right to left, they are increas-
ingly correlated among themselves. For the smaller o values a
11 sample has a high probability of being close to the u; samples
near it. For a = 0, one u value is sampled and all other u, val-
ues are the same. Most biological tissues can be considered un-
correlated: a — o;ie., p1(2) is white noise.
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Table 1. Quantities in Eqs. (10) and (15) for the
Different Stochastic Parameters u°

o Pa Pb X
Ha 0 -1 Zs
a0
0 O
e -3(1 — g0) 0 En %2
Hero fso
Ko Og
g 3 0 —_——
Hao Mo 1 — go
’
' -3 0 O
Miro

“Parameter x is a relative standard deviation of each stochastic parame-
ter w and (in highly scattering media) roughly equals o [Eqgs. (9)] divided by
the average value of the parameter u,.

Light Fluence Rate as a Stochastic Process

After assumption of Eqs. (9), the varied optical parame-
ter u equals pq, ., 8, or p,’. When Eq. (9a) for a particu-
lar p is substituted into Egs. (1), then the following system
is obtained:

2 %@ + 3 F@) = P DF @), (108)
P + pao¥@ = P V@), (106)
W) + 2AF(0) = F;, (10c)
lim¥(z) =0. (10d)

2z

Again the parameters with subcript 0 are the determinis-
tic average values. Parameters P, and P,, which are de-
fined in Table 1, differentiate system (10) into distinct
systems for each parameter u. When p is one of the scat-
tering parameters u,, g, or u,’, then P, equals zero. When
u is the absorption coefficient u,, we approximate P,
by zero [since in a highly scattering medium p,,(2) <
Mao <K pyro). Soeither P, = O or P, = 0. A further study
of Eqgs. (10a) and (10b) then yields that the results when g
is a scattering parameter equal the results when u is the
absorption coefficient after ¥(z) has been interchanged
with F(2) and 8u.o with g,

System (10) cannot be averaged immediately, because
the first statistical moments {(u,(2)F(2)) and (u,(2)¥(z))
are not known yet. To evaluate these terms, we calculate
the formal solutions of Egs. (10a) and (10b) while treating
the right-hand sides as the inhomogeneous parts. The
formal solutions contain integrals over the same combina-
tions of u,(2) and either F(2) or ¥(z). Then the formal
solutions for ¥(2) and F(z) are substituted into their own
integral terms. Thus all that remain are higher-order
combinations of w,(z) and ¥(2) or F(z) that can be aver-
aged with use of a closure assumption.'*4

In the following equations, the only cases considered are
those in which u is one of the scattering parameters, thus
when P, = 0. As stated above, when u is the absorption
coefficient the equations can be simply obtained from the
ones shown. When one of the scattering parameters is
varied, the formal solutions of Egs. (10a) and (10b) are
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W(z) = cosh(ke2)¥(0) — ‘]:"" sinh(ke2) F(0)

+ P, f ) coshl[ke(z — $)1F(s)u1(s)ds, (11a)
0

F(z) =

—0F J sinh(ko(z — s)IF(s)u1(s)ds. (11b)

3tr0

These expressions cannot yet be averaged, because
{1(s)F(s)), the most important statistical quantity, is not
known. We therefore substitute Eq. (11b) itself into the
integrands of Egs. (11a) and (11b). For Eq. (11a) this re-
sults in

¥(z) = cosh(kez)¥(0) — ‘]:"“ sinh(koz)F(0)

- P,,f cosh[k¢(z — s)]
0

X [3::0 sinh(kos)¥(0) — cosh(kos)F(o)] p1(s)ds
tr0

3,u.,,oP f f coshl[ko(z — s)lsinh[ky(s — #)]
X pw1($)u () F(t)deds, 12)

and a similar expression for F(z). Equation (12) could be
expanded further in the same way. At this point, how-
ever, we take its average value and use a closure assump-
tion to discard higher-order correlation functions. The
closure assumption used is Bourret’s assumption of local
independence’®':

(1@ W)x(2)) = (1 (@p1 W) (x(2)), (13)
where
xX(@) =% or x(z)=F(z).

It is thus assumed that the u,’s correlate much more
strongly among themselves than with ¥(z) or with F(2);
cross correlations can be disregarded. According to
Frisch,? Bourret’s assumption is justified if o [Egs. (9)] is
small, while a/k, [Egs. (8) and (9)] is large. So the varia-
tions in the optical parameters have to be small, and the
medium has to be little correlated.'®

To tackle the first integral term in Eq. (12), one needs
another closure assumption. Only for correlations be-
tween w,(2) and the fluence rate or the flux at z = 0 we
use a lower-order Bourret approximation:

(r1(@x(0) = {u1(2){x(0)) = 0, 14)
where
x(©0) =¥(0) or x(0)= F(0).

A physical justification for this approximation is that most
of the light at z = 0 comes directly from the (constant)
source or after traversing only a short distance through
the medium. So at z = 0 the correlation of the light with
the medium is small.’
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Average Value of the Light Fluence Rate
In Table 1 we introduce parameter x as a relative standard
deviation of the stochastic parameter . For example, if
i = peand x = 30% then the standard deviation of u,, o,
is almost 30% of the value of u, itself. The relative stan-
dard deviation x is scaled with factors that are close to 1,
because in the problems considered, pqo << pg, S0
Mo = Mao + Ml = ulp. Note that o, is taken relative to
(1 — gq¢) rather than to g itself.

If we take the expected value of Eq. (12) and use
Bourret’s assumptions, Eqgs. (13) and (14) yield an integral
equation for (¥(2)):

(¥(2)) = cosh(kez)(¥(0)) — %t—'o sinh(&q2){F(0))
0

- 3mro'koaxzf f coshlko(z — s)]
0 Y0

X sinhlko(s — #)]expl—a(s — HIF(@))dtds. (15)

The expression for (F(2)) is similar. As a next step, we
reverse the order of integration in Eq. (15) and analyti-
cally integrate over s. After a Laplace transformation

we obtain

W(0)) — BpuerolF(O

Liw ) = s(W( ))82 R :;20( (0))

- Sueokolax’®s

& kdlls + af — B LF@h

— ol (0)) + s(F(0

Ly =~ sg ) kozs( )
ko'ax?

+ (32 — ko2)[(8 + 0()2 _ k02]L{(F(z»} (16)

This system is solved and so, when p = u,, p = g, or
i = ps', the Laplace transforms of the average fluence
rate and the average flux are given by
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tion of the fractions in Egs. (17a), the inverse Laplace
transform can be applied. The resulting average fluence
rate is

4
W(2)) = 2 Ui (si)

2 @aUate) PO 19

The values of the roots s; show the necessity of the condi-
tions for the Bourret approximation [relation (13)]. If the
relative standard deviation x is too large, two roots are
complex numbers giving an oscillating (¥(2)), which is
physically unacceptable. If correlation parameter a is
too small, two roots are positive numbers, so that (¥(z))
cannot vanish at z — o,

The two unknowns remaining, (¥(0)) and (F(0)), are
found from the two boundary conditions for (¥) and (F):

W(0) + 2A(F(0)) = F;,
lim (¥(x)) = 0.

(20a)
(20b)

The conditions in Egs. (20) are just the average values of
the boundary conditions for ¥ and F [Egs. (10c) and
(10d)1.® For « values that are large enough and x values
that are small enough, the roots s1, sz, s3, and sy of Us(s)
are real, while three are negative and one, say, s4, is posi-
tive. The value of s, is approximately +ko,. For compli-
ance with the boundary condition for z — « [Eq. (20b)],
the coefficient in Eq. (19) for s, is made to vanish, giving a
second relation between (¥(0)) and (F(0)); Ui(ss) = 0.
The second-largest root is now the most important one in
Eq. (19). Its value is approximately —k,. Note that the
exponent of the fluence rate in a deterministic medium
[Egs. (7)] is exactly —ko.

If the u(2) distributions at different depths are not
correlated, i.e., w1(2) is white noise, one can find L{{¥(2))}
and L{F(2))} either by using a 8-Dirac function instead of
Eqs. (9) as a correlation function or, equivalently, by tak-
ing in Egs. (17) the limit for @ — ©. Then the expected

L{¥ ) =

(s + a)? — kF1s(T(0)) — Buuol(s + @) — k¢® + kozale(F(O)),

(82 - koz)[(s + a)z - k02] - ko4ax2

(17a)

[(s + @)® = ko’ll—pao{¥0) + s(F(O)]
(82 - koz)[(s + a)2 - koz] - ko4ax2

L{F@N% = (17b)

By first averaging and then Laplace transforming
Eq. (10b), we find a relation between L{{(¥(2))} and
L{F(2))}:

1

Hao

L{¥@) = -

L{F(2)} — (FO)), (18)

which relation is implicit in Egs. (17). When u = p, is
considered the statistical parameter, one can find L{¥(2))}
and L{F(z))} from Egs. (17) and (18) by changing ¥(z) into
F(2) and pq into 3u.o and vice versa.

Functions (¥(2)) and (F(2)) themselves are found by in-
verse Laplace transforming Egs. (17) and then applying
the boundary conditions for (¥(z)) and (F(2)). The nu-
merator of the expression for L{{¥(2))} in Eq. (17a) is de-
noted U, (s), and the denominator is Uy(s). First, using the
computer algebra program MATHEMATICA, we obtain the
roots of Us(s), denoted s;, sg, 3, and s4. After decomposi-

value of the fluence rate does not depend on parameter x.
When u = g, p = &, or u = p," we have

S(¥(0)) — 3purolF Q)

L{<g5)>} = b (21a)
Ly = a0 = SO, @1b)

Solving Egs. (21) yields (¥(2)) = Wy(2), defined in Eq. (7a),
and (F(2)) = Fy(2), defined in Eq. (7b). So when the
medium is totally uncorrelated, the average values of the
stochastic fluence rate and of the flux equal the fluence
rate and the flux in a constant deterministic medium.

Standard Deviation of the Light Fluence Rate
The standard deviation of the fluence rate and of the flux
are defined by

o{¥(2)} = K¥*2)) — (T)1,
o{F(2)} = (F2)) — (F@) ™ 22)
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The method used to calculate (¥%(2)) and (F%(2)) is similar
to the one used above to obtain (¥(z)) and (F(2)). This
time we start from a system of three differential equations
for ¥2(2), ¥(2)F(z), and F%(z). Equations (10a) and (10b)
are multiplied either by ¥(2) or by F(z), and the resulting
system is given by

diz‘l'z(z) + 6o V(2)F(2) = 2P,pn1(2)¥(2)F(2), (23a)

%‘I’(Z)F(Z) + o ¥3(2) + o FX(2)

= m@PY*2) + P,F2),
(23b)

(%Fz(z) + 2uaV(2)F(2) = 2P,p1(2)¥(2)F(2).  (23c)

This system is first solved formally while the right-hand-
side terms are treated as sources, just as was done with
the first statistical moments in Eqs. (11). Then the three
formal solutions are substituted once into the integral
terms, as for Eq. (12). The equations are averaged, and
Bourret’s assumptions are used [relations (13) and (14) for
those higher-order moments]. The results now resemble
Eq. (15). The order of integration is reversed in the
double-integral terms, and one of the integrations is
performed analytically. The system of three integral
equations in (¥2(2)), (¥(2)F(2)), and (F(2)) is Laplace
transformed [as for Eqs. (16)], and then solved for
L{Y(2)), LY (2)F(2))}, and L{(F%2))}. When p = pu,, g,
or u,', we obtain
L&) =
AEXTA0) + HTO)FO)) + f3(s)F0))

[(s + @)? — 4kl(s® — 4koD(s + a)s — dake'x®2s + a)®

L{F*2))} =
fAS)FX0)) + f5(sHFO)F(0)) + fe(s){F0))
(s + @)® — 4kPl(s? — 4ko)(s + @)s — dako'x*2s + a)?

LUV F@)} = -2: LUFN — (FO),  (248)
a0

where
" fils) = [(s + @) ~ 4kI(s + a)(s® — 2k

— daky'x¥(2s + ),
f2(8) = —6po{l(s + @) — 4k3*1(s + a)s
+ 2akyx*2s + a)(s + @)},
fa(s) = 18upoX[(s + a)? — 4ke21(s + )
+ ax®(s? + as + 4kA(s + a)},
fa(8) = 2pad’l(s + @)® — 4k%I(s + @),
f5(s) = —2p.0l(s + &)? — 4k%I(s + a)s,
fo(s) = [(s + @) = 4kl(s + a)(s® — 2ko?)
— 4ake*x*(2s + a). (24b)
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If u = p,, the same equations as for Eqgs. (24) apply, only
the ¥’s and F’s have to be interchanged, and simulta-
neously the factors pq and 3u.o have to be interchanged.
Inverse Laplace transformation of Eqs. (24) gives (¥%(2)),
(¥(2)F(2)), and {(F'*(2)). To that end the six roots (labeled
sj,J = 1...6) of the denominators of Eq. (24a) are deter-
mined again numerically. For sufficiently large values of
a and for sufficiently small values of x, all roots are real
valued. One root is positive (say, s¢), one is nearly zero
but negative (say, s;), one is approximately —2£k,, and the
other three roots are smaller.'®

Three parameters are still unknown: (¥2(0)),
(¥(0)F(0)), and (F*(0)). They are used for compliance
with the boundary conditions and with some physical
conditions. First, a condition must be imposed on the
solution: W(z) vanishes for z — » [Eq. (1d)]; thus ¥*(z)
vanishes also for z — o, and consequently

liqz (¥%(2)) = 0. (25)

Second, Var{¥(z)} and Var{F(z)} [the squares of the stan-
dard deviations of Egs. (22)] have to be nonnegative. So
extra conditions for (¥'%(2)) and (F?(2)) are

(T(2)) = (¥(2))?,

(F%(2)) = (F(2))?  for all z. (26)

At 2z = 0, the exact boundary condition for (¥2(2)),
(¥(2)F(2)), and (F*2)) equals boundary condition (10c)
squared and then averaged.?’ However, the solutions can-
not comply with the exact boundary condition at z = 0,
with the boundary condition for z — « [condition (25)]
and with conditions (26) at the same time. We presume
that this situation is caused by our having discarded
the higher-order correlations between the light and the
medium [expressions (13) and (14)]. Instead, (¥2(0)),
(T(0)F(0)), and (F2(0)) are chosen such that the solutions
comply with conditions (25) and (26) and such that at
the same time, the exact boundary condition at z = 0 is
approximated as nearly as possible:

Min{(¥*(0)) + 4AF(0)F(0)) + 4AXF*0)) — F?|
given conditions (25) and (26)}. (27)

Condition (25) requires that the coefficient of the term
with the positive root sg vanish. Condition (26) requires
the same for the term with the nearly zero root s5.2* The
third degree of freedom is then used to minimize the dif-
ference with boundary condition (27).

If the medium is not correlated, the second statistical
moments can be calculated again by taking system (24) in
the limit for @ — . Contrary to (¥(z)) and (F(z)) for
a — =, the second statistical moments do depend on pa-
rameter x. The Laplace transformed moments are for

” = Ms, 8, OF I-"s':

Liw@)y =

s° = 2kE(T*0)) — Buiols + 2k xDN(W(0)F(0)) + 1840l + xzs)(FZ(O))’

(s? — 4kDs — 4ky'x?

~1aoS(¥(0)) + sHW(0)F(0)) — Buiols + 2k02x2)(F2(0)),

LFEFE) =

(s? — 4kDs — dkyix?
2pa(¥* (0 = 2pa0S(PO)FO)) + (s* — 2k*)(F*0))

(28)

L{F) =

(32 - 4k02)3 - 4k04x2
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<¥(z)> and <F(z)>

[ W/em2 ]

0.01 + ' ;
0 0.1 0.2 0.4 5 z [cm])

W= HUs, g OF Ug' WL = Ha?

..... R <V > —— < P(2) >

..... Aeeese < F@) > —A < F(z) >
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the stochastic fluence rate slightly different from the
three others.

Figure 3 shows the expected values of the stochastic flu-
ence rates and of the fluxes. The medium is correlated,
a = Bky, and x = 30%. The average values decrease
somewhat faster than exp(—k¢z). They are almost the
same as the fluence rate and the flux in a deterministic
medium, ¥,(2) and Fy(2) [Egs. (7)]. The stochastic aver-
ages and the deterministic values are even closer for a
lower value of x or in a less-correlated medium. When
the variation of the optical parameter is white noise, i.e.,
when a — «, they are identical [Eqgs. (21)].

The standard deviation of the fluence rate in the same
sample medium is shown in Fig. 4. When x = 30%, the
standard deviation is substantial compared with the aver-
age fluence rate, which in the figure is represented by
Yo(x). For g = p,, = g, Or p = p,’, the standard de-

Fig. 3. Expected values of the light fluence rate and of the light
flux in a medium with a stochastic optical parameter u. = 1/cm,
s = 100/cm, go = 0.9, pyro = 11/em, and n = 1.4. The medium
is rather correlated: o = 5k ~ 29/cm. Parameter x equals
30%, so the standard deviation of the stochastic optical parameter
w is roughly 30% of po. The average fluence rates (¥(2)) and the
average fluxes (F(z)) differ only slightly from the deterministic
fluence rate Wy(z) and the deterministic flux Fy(z). Determinis-
tic calculations with the average optical parameters can be con-
sidered unbiased.

Only when a — o, is boundary condition (27) minimized
by taking (¥2(0)) = (¥(0))® (if p = p,, g, or u,'), or
(FX0)) = (F(0)* Gf o = o). The other two parameters
at z = 0 are used to remove the two terms resulting from
roots s5 and se.

RESULTS

The characteristics of a stochastic light distribution are
shown in a sample background medium with different
variations in the optical parameters. The absorption co-
efficient is considered to be stochastic, p = uq; or the
scattering coefficient, u = p,; or the mean cosine of the
scattering angle, u = g; or the reduced scattering coeffi-
cient, & = u,'. The amplitude of the variations, deter-
mined by parameter x, is varied in Figs. 4 and 5. Then
the effect is shown on the standard deviation of the flu-
ence rate when the correlation parameter « is varied. In
Fig. 7 the main result of this paper is demonstrated: the
relative standard deviation of the fluence rate increases
deeper in the medium.

The sample medium is a typical biological tissue during
a medical laser treatment. The average optical parame-
ters are o = 1/em, pe = 100/cm, go = 0.9, pg = 10/cm,
and n = 1.4. The medium is highly scattering, so dif-
fusion theory is appropriate. The total incident flux is
Fp. = 1 Wem?

The relative standard deviation of the stochastic optical
parameter x is either 10% or 30% When x = 30%, the
standard deviation of the parameter is approximately
30% of the average value of the parameter: o, = 0.3/cm,
a, = 33/cm, o, = 0.033, or o,' = 3.3/cm, when p is u,,
Ws, 8 OF ', respectively. For the same value of x, the
stochastic fluence rates and fluxes for the cases p = u,,
uw=g, and u = p, are identical. Only if p = p, is

o ¥(2) }
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Fig. 4. Standard deviation of the light fluence rate. The distri-
butions of the stochastic parameters of the medium are corre-
lated: « = 5ko. Especially for higher x values, the standard
deviation of the fluence rate is considerable compared with its
average value, which is represented here by ¥o(2).
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Fig. 5. Standard deviation of the light flux. The same graph as
Fig. 4 but now for the light flux. The roles of the stochastic
scattering and absorption parameters are reversed.
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Fig. 6. Standard deviation of the light fluence rate for media
with several correlation parameters . The standard deviation
(x = 30%) of the fluence rate for a correlated medium (a = 5k,)

does not differ too much from the one for a totally uncorrelated
medium (o — ).
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Fig. 7. Ratio of the standard deviation of light fluence rate and
its average value. Here a — o, but for higher correlations the
graphs are similar. Further into the medium, where the light has
traversed more stochastic medium, the light fluence rate becomes
relatively more noisy.

viation has an irregular minimum near the surface. This
minimum is caused by one’s having to minimize the dif-
ference with the boundary condition [expression (27)] in-
stead of fulfilling the exact boundary condition. For the
same reason, the magnitude of the standard deviation
calculated here is only an indication of the real one.
Parameters (¥'2(0)), (¥(0)F(0)), and (F%0)), which directly
influence the magnitude of the standard deviation, are
chosen as nearly as possible, but they are not the exact val-
ues. More important however is the change rate deeper
in the tissue: the standard deviation of the fluence rate
decreases nearly as exp(—kg2).

Figure 5 is the same graph as Fig. 4, except that in

M. Keijzer and A. J. Hermans

Fig. 5 the standard deviation of the flux is shown. Quali-
tatively, the behavior of o{F(2)} for u = u,, p = g, or
1 = p,' is the same as the behavior of o{¥(2)} for p = u,
and vice versa.

In Fig. 6 the stochastic optical parameters have the
same relative standard deviation (x = 30%), but the cor-
relation « is varied. In a rather correlated medium
(a = 5ky), the standard deviation of the fluence rate does
not differ greatly from the standard deviation in a totally
uncorrelated medium (o — ). Both the average value of
the fluence rate and the standard deviation vanish for
2 — o, The exponential decrease of o{¥(2)} is, however,
slower than the exponential decrease of (¥(2)). As shown
in Fig. 7, the ratio o{¥(2)}/¥(2)) increases deeper in the
tissue?”: the fluence rate becomes more noisy further
from the light source.

DISCUSSION AND CONCLUSIONS

In this paper a method is derived for calculating the
expected value and the standard deviation of the light
fluence rate in a medium with stochastic optical parame-
ters. For the stochastic optical parameters, no probabil-
ity distribution in each point is assumed; only a current
postulation is made about the correlation between two
distributions at different points.

In calculating the statistical moments of the light flu-
ence rate and the light flux, we disregarded higher-order
correlations. This is a valid assumption if the variations
of the optical parameter are not too large and if the me-
dium is not too correlated, which is usually so for a biologi-
cal tissue. Still, the results of this paper are primarily
qualitative and give more an indication of the statistical
moments of the fluence rate than their exact values. It is
difficult to support the results with measurements. The
method could be independently verified, though, by per-
formance of perturbation calculations with the Monte
Carlo method.?®

The stochastic moments of the fluence rate do not de-
pend strongly on the correlation between the layers. Most
often, it will be sufficient to consider only an uncorrelated
medium, i.e., a medium with white noise in one of the op-
tical parameters.

In other stochastic processes, the expected value of the
process can be significantly different from the value cal-
culated with the average values of the parameters (see, for
example, Ref. 2). In our problem, the fluence rate of light
in a highly scattering medium, the differences are small.
Calculations with the average values of the optical parame-
ters can be considered unbiased.

When the standard deviation of an optical parameter is
~30%, the standard deviation of the fluence rate is consid-
erable: it is of the same order of magnitude as the aver-
age value of the fluence rate. The standard deviation
decreases further from the light source but more slowly
than the average fluence rate. Relative to the average
value, the standard deviation increases, with a rate de-
pending on parameter x. The fluence rate is more noisy
further from the source.

The geometry in this paper varies only in one dimen-
sion. In real, three-dimensional geometries, the optical
parameters vary also in the two lateral directions, and so
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the fluence rate varies also laterally. Since light is also
scattered into lateral directions, its standard deviation is
thus higher in a three-dimensional geometry. In mea-
surements, part of this extra variation will not be noticed,
though, because of the spatial resolution of the measuring
device, which makes a measured value an average value
over a certain surface area.

To measure the total reflection of a tissue medium, one
can use an integrating sphere. In those measurements,
the light radiance at the z = 0 surface is sampled. There-
fore the expected value of the stochastic total reflection is
almost the same as the deterministic total reflection.
The standard deviation of the total reflection is of the
same order of magnitude as the average total reflection
(if x = 80%). For a medium of finite thickness the total
transmission can be measured. The expected value of
the total transmission is also almost the deterministic
value, but the relative standard deviation is higher than
that of the total reflection. For thicker samples, the re-
flection measurements are less noisy than the transmis-
sion measurements.

In a medium with varying optical parameters, measure-
ments of the fluence rate, of the flux, or of the total reflec-
tion or transmission are noisy, not only because of noise in
the measuring apparatus or because of the specimen-
to-specimen variation but also because of small-scale in-
homogeneities within one sample. The last cause is more
important further away from the light source.
estimate the average values with some accuracy by repeat-
ing the measurements at different spots of the sample.

Often a medium has to be irradiated, while each spot in
the medium should not get more than a certain absorbed
light dose or not less than a certain dose. In order to be
sure (with a certain chance) that the dose limit is not
overstepped, not only the deterministic fluence rates but
also the statistical confidence intervals for the fluence
rates have to be estimated.

In many applications the light dose is not so important
as the subsequent heat dose. The variations in heat dose
will be much less than the variations in light dose, because
heat diffusion spatially averages the light dose. However,
the heat dose is calculated from the light dose by means of
a nonlinear integral equation. Spikes in the light dose
give spikes in the initial heat distribution and could thus
show up as (smaller) spikes in the heat dose. Dose calcu-
lations should take into account that some spots can expe-
rience much less and others much more heat damage than
was estimated with the deterministic calculations.
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