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Based on the diffusion approximate theory (DA), a theoretical model about the distribution of the intensity of a

narrow collimation beam illuminating on a semi-infinite biological tissue is developed. In order to verify the correctness

of the model, a novel method of measuring the distributions of the intensity of light in Intralipid-10% suspension at

650 nm is presented and measurements of the distributions of the distance-dependent intensity of scattering light in

different directions are made. The investigations show that the results from our diffusion model are in good agreement

with the experimental results beyond and in the areas around the light source, and the distance-dependent intensity

in the incident direction attenuates approximately in the exponential form. Furthermore, our theoretic results indicate

the anisotropic characteristics of the intensity in different directions of scattering light inside the biological tissue.
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1. Introduction

The knowledge of the propagation and scattering
of light in biological tissues is important for the inves-
tigation and application of biomedical optics.lV'? In
the study related to this subject, the radiation inten-
sity is one of the basic physical quantities, which is
expressed by I(7,§,t) and dependent on the position
vector 7, direction vector § and time t. Biological tis-
sue is a complicated scattering medium; the detection
and investigation of radiation intensity in biological
tissues can lead to knowing how the light transports in
biological tissues and what the anisotropic character-
istics of scattering light are, and determining the rele-
vant optical parameters, such as, the anisotropy factor
g. In the bio-photonics study and application, fibre is
used to transport the radiation light from light source
and detect the radiation light.®] The fibre with an
isotropic sphere is used to radiate light energy fluence
and detect the fluence rate in biological tissues, how-
ever, the device for measuring these quantities is rela-

tively complicated.!*! The fibre without any isotropic

sphere is mostly used for radiating light and detecting
the radiant intensity in biological tissues. At present,
there are many theoretical and experimental studies
(including simulations) about the distribution of flu-
ence rate in tissue and tissue phantom, but little the-
oretical study and numerical simulation of the inten-
sity distribution are reported. Thus it is necessary to
study the intensity distribution of light transporting
in biological tissue theoretically and experimentally.
The purpose of the present study is to present a theo-
retic method of investigating the intensity distribution
of light in biological tissue and verify the correctness

of the theory experimentally.

According to the diffusion approximate theory
(DA) and the results from Ref.[5], the distribution of
radiant intensity of a narrow collimation beam being
incident on a semi-infinite biological tissue is studied
and a relevant theoretical model is built in this paper.
Besides, we present an experimental method by which
the distributions of the distance-dependent intensity
in different directions of light in Intralipid-10% sus-
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pension can be measured by the fibre. Theoretical and
experimental results are analysed, which shows that
the theoretic calculations based on our diffusion model
are in good agreement with the experimental results
beyond and in the areas around the light source, and
the distribution of intensity in the incident direction
follows approximatively the exponential attenuation.
Here, the area around the light source is defined as
the area around the incident point of the light beam.
In addition, the characteristics of the changes of in-
tensity in different directions of scattering light inside
the biological tissue are studied in details by use of

our model.
2.The diffusion approximate

model
According to the DA theory, when a stable beam
is incident on the scattering medium, the intensity
I(r,§) inside the scattering medium at a position vec-
tor r in direction § is the reduced incident intensity
Li(r, 8) plus the diffuse intensity I4(r, §),[%! that is,

I(r,§) = Li(r,8) + La(r, 8), (1)

for a collimation beam illuminating the medium, the

reduced incident intensity is
Li(r,8) = Fo(p)exp(—pu2)2. (2)

In Eq.(2), Fo(p) is the radiant flux density of incident
light, uy = pa + s is the total attenuation coefficient.
For the first order diffusion approximation, the diffuse

intensity I4(r, §) can be expressed as

Ta(r,3) = %qﬁd(r) + %Fd(r) s (3)

In Eq.(3), the diffuse photon fluence rate in a medium
¢a(r) is defined by

¢a(r) = /Id(r,é)dﬂ, (4)

4

and the diffuse flux vector F4(r) is defined by

Fy(r)= /Id(r,§)§dw, (5)

while the collimation light is incident on the parallel

turbid medium with a thickness of d, Fq(r) is given
by!®!

For) = L9000 o e - Lvsum), (0)

My H

where g is the anisotropy factor, and Fy(p) is a con-

stant for planar wave. When a Gauss beam is incident

on the medium, Fy(p) = Foexp(—p?/R?), where R is
the waist radius of Gauss beam, with 1/e? times the
width of the peak intensity, and ui = pa + (1 — g)ps
is the transport attenuation coefficient, Z is the unit
vector in the incident direction. Once the fluence rate
¢a(r) in the medium is given, the diffuse flux F4(r)
can be obtained by Eq.(6), and then diffuse intensity
I4(r, 8) can be work out by Eq.(3), finally, the total
intensity I(r, §) can be acquired by Eq.(1). The thick-
ness d of the medium is assumed to be more than hun-
dreds photons average free paths, and Eq.(6) is valid
for the incident collimation beam on a semi-infinite
turbid medium.

When an infinitely narrow collimation beam is
incident on a semi-infinite biological tissue under an
extrapolated boundary condition (EBC), the fluence

rate ¢4(r) in a cylindrical coordinate system is[®!

$EBC(T)

_ 1 (exp(—penr1)  exXp(—pesT2)
47D r1 79 ’
(7)

where
1/2
ry = [(z — z0)2 + p2] / ,

ra = [(z+ 2 +22,)? —}—;)2]1/27

D = [3(pa + )]

is the diffusion constant, u. = (1 — g)p, is the re-
duced scattering coefficient, pefr = \/3pa(pta + 1) is
the effective attenuation coefficient, zo = (pa + pl) ",
2y = 2D(1 4+ Reg)(1 — Reg) ™1, p is the radial dis-
tance taking the incident point as its origin, and z
is the axial distance normal to the medium bound-
ary. When the refractive index of tissue n=1.4, the
fraction of photons reflected internally at boundary is
Res=0.493.l"] In a cylindrical coordinate system, we
have the following equation:

¢

Voa=——p+—
1T ap" T poy

190¢ 0¢
Ly 8
Pt 52 (8)
where p, ¢ and Z are unit vectors in radial, angle and
incident directions, respectively. Since the intensity
distribution is axially symmetric for a narrow collima-

tion beam perpendicularly incident on a semi-infinite

0
biological tissue, thus, we have 8—¢ =0, and

©
15) 0
Vo = 8—iﬁ+ s (9)

Substituting Eq.(7) into Eq.(9), we obtain the follow-

ing equation:
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o +r71exp—e7‘ o —i—r*l exp(—UerT R
v¢d:4ﬁ<_(y‘ff 1)2 (Nﬁl)+(UH 2)2 (Uffz) 5
™ 7'1 ,’,.2
1 (2 — 20) (Kerr + Tfl)eXP(—Mefﬁ"l) (z+ 20 + 22p) (ftest + T{l)exp(—pegrz) R
+ ar \ 2 + 2 2. (10)
1 2

Supposing the narrow collimation beam with a unit power, that is, Fy(p) = Fy(0) = 1, and substituting Egs.(6),
(7) and (10) into Eq.(3), the flowing equations are obtained:

. 1 exp(—peT1)  XP(—HeT2) 3 Hsg .
I = - +—x -
a(r,3) 16m2D ( 71 T dr exp(—pui2)28

+ P (Neff + Tfl)eXP(—MeHh) _ (Meﬂ + Tg_l)exp(_ueﬁ'TZ) ,ﬁ .3
1672 Du; r2 r2

n 1 (z — z0) (pesr + Tfl)exp(*ueﬂh) B (24 20 + 22p) (pest + Tz_l)exp(*ueffrz) 5.8
1672 Dy r2 r2 )

(11)
Supposing that 6 is the angle included between unit vectors § and 2, Eq.(11) can be expressed as

1 eXP(*Neffh) exp(fueﬁ'TZ) 3 Hsg
= 16m2D < - - r + — x —~exp(—pz) cos

I ~
d(T7s) 47 i

2

+ 1672 Dyl ]

+

2
T2

14 <(ueff + T;l)eXP(_Neﬁrl) . (/J'eff + Tzl)eXp(_ueﬁT2)> sin @

2

1672 Dy i

Based on the diffusion theory and considering an in-
finitely narrow incident light beam, we have two hy-
potheses:

(i) Beyond the area around the light source (for
example z > 2mm), ignoring the function of reduced
incident light I,;(7,s), and supposing the equivalent
source term of reduced incident light to be indepen-
dent of angle, that is, the source is isotropic; solving
the radiation transmission equation we obtain the dif-
fuse flux vectors Fy(r) and ¢q4(r) with the following

relation:[%]

F4(r) = —DV¢q4(r), (13)

and

(14)

(ii) In the area around the light source, due to
the photons undergoing scattering less times, the dif-
fusion intensity I4(r, 8) is much smaller than the re-
duced incident light I,;(r, §), thus, the radiant inten-
sity is mainly determined by the reduced incident light
Ii(r, §), that is,

I(r,8) =~ L(r, 3). (15)

1 <(Z — 20)(pterr + 71 ')exp(—penit1)

(z+ 20 + 22p) (ptet + Tg_l)exp(—uefsz)> cosf.

2
T2

(12)

3. Experimental methods and

materials

Intralipid is a fat emulsion that is used clinically
as an intravenously administered nutrient. Investiga-
tions have shown that Intralipid is of almost purely
scattering and low absorption.[”:8! The aqueous mix-
ture of Intralipid and India ink is a good biological
tissue phantom, and due to the mixture liquid having
a good uniformity property, the optical parameters
of the phantom medium can be selected at a wider
range by varying the concentrations of Intralipid and
ink in the dilute solution. Therefore, this liquid is
used as the simulated material of biological tissue to
study the optical characteristics of bio-tissue. Here we
chose Intralipid-10% suspension as the simulated ma-
terial of biological tissue. The asymmetry factors g of
Intralipid-10% suspensions were in the range from 6.8
to 7.1,[%9 which were determined by experiment and
calculation. In the experiment, we prepared the phan-
tom solution that was the pure Intralipid-10% dilute
solution with a concentration of 5.18%, the scattering
coefficient of ps;=2mm™' and absorption coefficient

of 11,1=0.003 mm™!, 8]
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Fig.1. Experimental setup for determining the distri-
bution of intensity of light in Intralipid-10% suspen-

sion.

A

semiconductor laser beam (20mW; 650nm), whose di-

The experimental setup is shown in Fig.1.

vergence angle is less than 0.3 mrad, was collimated
with a lens and then was chopped (2kHz) before go-
ing through an aperture. The beam was reflected by a
mirror, and then normally incident on Intralipid -10%
phantom. A plastic container (18cmx18cmx16cm)
was filled with 5-L diluted Intralipid-10% suspension.
The inner surface of the container had a very small re-
flection, thus the influence of the inner surface on the
light distribution in the phantom could be almost ne-
glected. The refractive indices of the Intralipid-10%
suspension and air were mismatched. The diffusion
light signal in the solution received by the optical fibre
probe (fibre 300pm; N.A. 0.3; multimode) was trans-
mitted to a photodiode. The photoelectrical signal of
the photodiode was fed into a preamplifier and a lock-
in amplifier (Model SR830, Stanford Research Sys-
tems, Sunnyvale, California). A fibre translation stage

was used to move the optical fibre probe along the z

incident

fibre
detector

incident

beam beam

and p directions with an error of less than 0.0lmm. In
order to bend the fibre, the fibre was fixed on a thin
copper wire which can crook easily (diameter 0.8mm),
and the detecting side of the fibre was about 3mm
longer than the copper wire. Here the radius of the
bent fibre was about 25mm. The detection system
was carefully checked before detection. The sensitiv-
ity and linearity of this photoelectric detection system
were satisfactory to the measurement. The influence
of the bending of the fibre on the transmission of light
was checked for the three bent versions of the fibre, as
shown in Figs.2—4, in air and solution, respectively. By
comparing the results measured by the fibres with and
without the three bent version, the errors were found
to be less than < 1%. We used a cylindrical system to
do the experiment and calculation. Here, z was the op-
tical axis of the incident beam and p represented the
radial direction. The light intensities were detected
by the fibre in the three directions respectively (see
Figs.2-4), and the results were obtained from the de-
tected intensities of forward-scattering light in the z
direction, horizontal scattering light in the p direction
and backscattering light in the z direction, which are
expressed by the relative intensity I.. Adjusting the
fibre position along with z and p directions, respec-
tively, the relative intensity I, was recorded, which
is the ratio of the scattering light intensity I in the
scattering medium to the incident beam intensity I;
on the medium’s surface. (Due to the aperture angle
of the fibre being small, through which the detection
light was received, it can be considered that the de-
tected intensities were approximatively measured in

the same direction.)

fibre
detector

fibre incident

detector beam

U

!

|
J [

Fig.2. Detection of
forward-scattering light.

4. Results and analyses

According to Eq.(12) and our two hypotheses, the
theoretical results are denoted in the Figs.5(a)-5(h) by
solid curves, and the experimental results are repre-

sented by circles, where the theoretical results are for

Fig.3. Detection of

horizontal scattering light.

Fig.4. Detection of
backscattering light.

forward-scattering light I¢,.warq, horizontal scattering
light Ihorizontal and backscattering light Iy, respec-
tively at angles #=0°, 90° and 180° based on Eq.(12).
In order to compare with the distribution of fluence
rate ¢q(r), Fig.5 also shows the results of ¢q(r) based
on Eq.(7) (see dashed curves in Fig.5).
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Fig.5. Comparison between theoretical results and experimental data for forward scattering light, horizontal

scattering light and back scattering light in Intralipid suspension.

Figures 5(a)-5(f) show that the theoretical and
experimental results of Iiorward, Thorizontal and Ipack

have some differences in the area around the light

source. Here the differences of Ihorizontal are obvious
(see Figs.5(c) and 5(d)); the differences of Ityrwara are
a little, (see Figs.5(a) and 5(b)); and the differences
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of Ihack are very little (see Figs.5(e) and 5(f)); Be-
yond the area around the light source, the theoretical
results are in good agreement with experimental re-
sults, therefore, the first hypothesis is reasonable. In
the area around the light source, there are larger differ-
ences between the distributions of fluence rate and the
radiation intensity in either the z or p direction. How-
ever, in the area apart from the light source, the dif-
ferences tend to decrease. Figures 5 (¢) and 5(d) show
that the distributions of fluence rate ¢4(r) decrease
monotonically with p, and theoretical and measured
radiant intensities each have a maximum; In addition,
our experimental results show that the distribution of
the backscattering light I}k over p has the maxima at
z=5.5mm and z=10.5mm, but the forward-scattering
light Itorward Versus p appears to have the distribution
decreasing monotonically.'® And these experimental
results are in good agreement with our theoretical re-
sults, which shows that there exist distinct differences
of the distributions of the distance-dependent inten-
sity of scattering light in different directions inside the
tissue phantom.

Based on Fig.5 (g), the distribution of intensity I
in the z-direction is observed from the light incident
point (p=0mm), and the distribution of I, is well de-
scribed by Eq.(2) within the distance z < 2.5mm (see
the dash-dotted curve in Fig.5 (g)), that is, in the area
around the light source, I decreases exponentially as
a function of z, therefore the second hypothesis is also
reasonable. Moreover, beyond the area around the
light source (z >2.5mm), theoretical results of dif-
fuse intensify I4 are in agreement with experimental
results, which is in accord with the first hypothesis.
Based on Eq.(11) or (12), at the position of z = zg,
there appears a negative break (see Fig.5 (h)), which
indicates that if the diffusion theory is used to explain
the distribution of the intensity in the area around the
light source, there appear big errors that are induced
by the hypothesis of the source being isotropic. In ad-
dition, the differences between theoretical and exper-

imental results are also induced by the experimental

errors.

Figures 6(a)—6(f) show that the radiation inten-
sity I4(r,§) changes with 6 based on Eq.(12). Fig-
ure 6(a) shows that the I4(r, §) changes with 6 at the
position of p = 0mm and z = 3.5mm. The forward-
scattering characteristics are very obvious. When z
increases (z = 5mm), forward-scattering characteris-
tics become weak, and they further decrease in the
area apart from the source (z = 15mm). The scat-
tering in each direction finally tends to be uniform,;
Figure 6(b) shows the influences of anisotropy factor
g on the distribution I4(r,§) — 6. In the area apart
from the source (z = 12mm), when g = 0, I4(r, §) in
each direction is rather uniform, and when g = 0.9,
the changes of I4(r,§) with 6 have obvious forward-
scattering characteristics. Figure 6(c) shows that at
z = 3mm and p = 3mm, forward-scattering char-
acteristics exist; at p = 6mm, the intensities of the
forward-scattering and the backscattering are almost
the same; at p = 20mm, the backscattering intensity
is larger than the forward scattering intensity; these
results are supported by experimental results,'% and
indicate that although the photons scattered in bio-
logical tissues exhibit the characteristics of the obvi-
ous forward-scattering, the backscattering character-
istics still remain in some area. From Fig.6(d), we
know that at z = Omm, which is at the surface of the
beam being incident on medium, the backscattering
intensity is larger than the forward-scattering inten-
sity for each p. And from Fig.6(e) in the area around
the light source, (p = 3mm, z = 2.5mm), the maxi-
mum of I4(r, §) appears near to the horizontal direc-
tion (# = 90°); in the area apart from the light source
(z = 20mm), the maximum of I4(r, §) is almost the
same as that in the incident direction (6 = 0°). Figure
6(f) shows that I4(r, §) is approximately isotropic in
the area apart from the source. The analyses above
demonstrate that the distributions of the diffuse in-
tensity in biological tissue are quite dependent on the
positions in biological tissue and the optical parame-

ters of biological tissue.
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Fig.6. The changes of the relative intensity I4(r,3§) in bio-tissue versus 6, 0 is the angle

between the direction § and the incidence light direction 2.

5. Conclusions

According to diffusion approximate theory (DA)
and the results from Ref.[5], we propose the two hy-
potheses about the radiation intensity distribution of
an infinitely narrow beam being incident on a semi-
infinite biological tissue and build a relevant theoreti-
cal model as well. In order to verify the correctness of
the theoretical model, we present a method of measur-
ing the distributions of light intensity in the bio-tissue
phantom Intralipid-10% and measure the distributions
of the distance-dependent intensity in different direc-
tions by using the fibre. The theoretical and exper-
imental results are analysed; their analyses indicate

that our theoretical results from the diffuse model are

in agreement with the experimental results well be-
yond the area around the light source, therefore, the
theory has a high accuracy. In the area around the
light source, the variation of intensity with the inci-
dent direction is approximatively in the exponential
form. The study of the distributions of intensity in
different directions by use of our model reveals the
anisotropic characteristics of the scattering light in
biological tissues. The results we obtained will help
further study the propagation and scattering of light
in biological tissues. At present, we are researching
the feasibility of determining the optical parameters
of biological tissues by using nonlinear regressions of

our theoretical model to the experimental data.
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The diffusion theory is used widely to study light

transport in the turbid medium, but the theory it-

self has still some deficiencies in application to bio-

photonics, therefore it is necessary to be further im-

proved and developed.
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