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Light absorption distribution of uterine tissue filled with
strong scattering medium irradiated by diffused light
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Determining the light absorption distribution (LAD) of uterine tissue helps the detection of endometrial carcinoma. In
this work, a 3-dimensional optical model of the human uterus is proposed and examined. The model is filled with
strong scattering medium (undiluted raw and homogenized milk, URHM) or air at 630 nm and 800 nm wavelengths.
Monte Carlo simulations are used to find the absorption profiles of photons by transcervical laser illumination, with a
cylindrically diffused light source (CDLS) or spherically diffused light source (SDLS). The results show that 800 nm
is a good laser wavelength value for the detection of endometrial carcinoma by photoacoustic imaging (PAI). At the
same time, the shape of the light source becomes less important in a relatively large cavity. The impacts of different
scattering coefficients of CDLS on the irradiated area are demonstrated. Strong scattering medium is helpful to the il-
lumination of the uterus cavity.
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Cancer of the uterus is also called uterine cancer, womb
cancer, cancer of the lining of the womb or endometrial
cancer. The most common symptom of cancer of the
uterus is unusual vaginal bleeding, particularly any
bleeding after menopausel!l. In the western world, en-
dometrial carcinoma is the most common female genital
tract malignancy, accounting for nearly 50% of all new
gynecologic cancers. Worldwide, it is only the second to
cervical cancer in frequency among female genital tract
cancers?l, In China, cancers of the uterine corpus are
the fifth most common for women and have a signifi-
cantly upward trend in age-standardized incidence
ratest®,

Technology capable of reliably diagnosing endometri-
al carcinoma in earlier stages or before the development
of invasive disease could reduce the mortality and the
large economic impact of this disease. Photoacoustic
imaging (PAIl) is a promising technique that is
non-ionizing, low-cost, and offers high-contrast imaging
of both the surgical tools and photoabsorbers that are
often encountered in diagnostic and therapeutic tech-
niques(®’. In PAI, the tissue is irradiated usually by a
short-pulsed laser beam to achieve a thermal and acous-

tic impulse response. Locally absorbed light is converted
into heat, which is further converted to a pressure rise via
thermoelastic expansion. The initial pressure rise propa-
gates as an ultrasonic wave, which is referred as a pho-
toacoustic wavel®l, Absorption by water is minimal in the
near-infrared region (NIR) of the spectra, and absorption
by blood is largel®l. The abnormal growth of cancerous
cells requires elevated supply of blood vessel network
and oxygen than normal tissue, which triggers rapid
growth of complex blood vessel networks or tumor an-
giogenesistt®, Thus, PAI could be a potential tool to im-
age tumor angiogenesis development and detect endo-
metrial carcinoma in earlier stages. The distribution
characteristic of absorbed light energy would determine
the imaging depth and range of PA imaging.
Photodynamic therapy (PDT) is a method of tumor
treatment employing photosensitizers and laser light for
abnormalities of the uterus. Meanwhile, interstitial laser
photocoagulation (ILP) is a solution for the thermal abla-
tion of fibroids. The smallest penetration depth occurs
for light at 630 nm in myometrium, which has a value
less than 2.4 mm. This shallow depth may be desirable
for PDT treatments where the clinician wants to minimize
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the necrosis to the outer layers of the uterus associated
with endometrial ablation. PDT for ablation of the uter-
ine endometrium is the most unlikely to affect any tissue
beyond the myometrium, and the region around 800 nm
is the most effective for ablation of fibroids using ILP as
the penetration depth of light!*Yl, The two wavelengths of
630 nm and 800 nm were both considered to get the light
propagation of the uterus. Undiluted raw and homoge-
nized milk (URHM) was filled into the cavity of the
uterus. The light distribution might be more homogenous
in the cavity of the uterus.

In the previous work of our team, the light absorption
distribution (LAD) of prostate tissue irradiated by dif-
fused light source was discussed™. A photoacoustic
method combined with Monte Carlo simulation was used
to estimate the 3-D light distribution produced by a cy-
lindrical diffuser which interposed into tissues!*®l, In this
paper, in order to gain a deeper understanding of light
absorption and optimize light delivery in PAI, Monte
Carlo simulation for light transport in tissues has been
carried out with two diffused light sources. Moreover,
the LAD of the whole model filled with air and the
URHM excited by the laser with 630 nm and 800 nm
wavelengths were also studied.

The human uterus is upside-down pear-shaped and
about 7.6 cm in length, 4.5 cm in width (side to side) and
3.0cm in thicknessi*l. It sits low in the abdomen be-
tween the bladder and rectum, and is held there by mus-
cle. It is joined to the vagina by the cervix, which is the
neck of the uterus. The uterus has three layers, which
together form the uterine wall. From innermost to
outermost, these layers are endometrium, myometrium
and perimetrium[sl. The myometrium is the main part of
the uterine wall so that endometrium and perimetrium
are neglected. The histological structure of the uterus is
shown in Fig.1(a). A 3D triangular mesh optical model
of the uterus was built by the histological structure
through MATLAB as shown in Fig.1(b) with a size of
50 mmx50 mmx76 mm. The triangular meshes are ex-
pressed as off file. Off file uses the surface of object to
represent the geometry of the object, and then the surface
of the object is divided into a large number of triangles.

(®)

Fig.1 (a) Histological structure and (b) 3D optical
model of uterus

Monte Carlo simulations were implemented based on
the latest published Monte Carlo software named Molec-
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ular Optical Simulation Environment (MOSE 2.3)161, |t
is a powerful tool to solve the forward problems in dif-
fuse optical tomography, fluorescence molecular tomog-
raphy, and bioluminescence tomography.

To investigate the light propagation beyond the uterus
in an optically scattering medium, a 3-D Monte Carlo
simulation was performed with a 66 mmx66 mmx84 mm
homogeneous background tissue and a resolution cell of
0.1 mm in each dimension as shown in Fig.2.

(a) (b)
Fig.2 3D mesh optical models of the uterus by (a)

SDLS and (b) CDLS

Normally, three different shapes of the light source
(cylinder, sphere, and cube) will be considered in the
light propagation simulation. The isotropic cubically
diffused light source and spherically diffused light source
(SDLS) will have almost the same effect due to their size
is small compared with the uterus. Under this considera-
tion, the isotropic cubically diffused light won’t be stud-
ied. An isotropic cylindrically diffused light source
(CDLS) with a height of 2 cm and radius of 0.3 mm and
an isotropic SDLS with a diameter of 0.6 mm are set in
the middle of the cavity of the uterus (z=—10 mm). The
azimuth angles of the two diffused light sources were
from 0° to 360° and deflection angles were from 0° to
180° to simulate the diffused light. The two continuous
wave (CW) lasers wavelengths were set to 630 nm and
800 nm, respectively. The total energy of incident light
was 1 J. The recording range of light distribution in this
simulation was always kept as x-axis (—33,33) mm,
y-axis (—33,33) mm, z-axis (—32,52) mm since the center
position of the model was at (0 mm, 0 mm, —10 mm),
and the recording steps were set to 0.3 mm. The total
incident photon number was 500 000 and the energy of
incident light was set as 1. Cartesian coordinates were
used for the simulation.

According to optical properties of ex vivo human
uterus™ and Vis/NIR bulk optical properties of
milk("281 main optical properties, i.e. absorption coeffi-
cient u,, scattering coefficient us, anisotropy factor g, and
refractive index n at 630 nm and 800 nm wavelengths for
optical model of uterus and surrounding tissue were
specified as Tab.1. Absorption coefficient differs due to
differences in water and hemoglobin content. For exam-
ple, post-menopausal uterus absorption may have been a
consequence of its small size, reduced water content and
relatively high blood volume. In contrast, the low fibroid
absorption is consistent with its poor vascularity!*],
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Tab.1 Optical parameters of the simulation model

Tissue ta (MM g (Mm?) g n
Cavity of uterus 10° 10° 1 1
URHM 630 nm 0.014 52 0.95 1.34
URHM 800 nm 0.014 50 0.96 1.34

Myometrium 630 nm 0.044 13 0.9 14
Myometrium 800 nm 0.011 9.1 0.9 14

In order to analyze the impact of the scattering coeffi-
cient on the LAD in the uterine cavity, MC simulations
were also implemented by CDLS and SDLS filled with
different scattering coefficient (from 10* mm? to
102 mmt) materials at wavelength of 800 nm.

LAD simulation results of two irradiation light sources
filled with air or URHM at 630 nm and 800 nm in
yz-plane are shown in Fig.3. Fig.3(a), (c), (e) and (f)
were excited by two different diffused light sources filled
with air at wavelength of 630 nm. Meanwhile, Fig.3(b),
(d), (f) and (h) were excited by two different diffused
light sources at wavelength of 800 nm. The relative light
absorption values in Fig.3(a), (c), () and (g) are larger
than those in Fig.3(b), (d), (f) and (h) due to the small
optical absorption coefficient of myometrium at 630 nm.

Comparing Fig.3(a) and Fig.3(c), Fig.3(b) and Fig.3(d),
slight differences were obtained by the absorption dis-
tribution of uterus excited by the CDLS and SDLS filled
with air. However, the differences are hard to identify by
eyes. It is also difficult to distinguish the differences of
the LAD of uterus produced by the CDLS and SDLS
filled with URHM in Fig.3(e) and Fig.3(g), Fig.3(f) and
Fig.3(h). But the profiles of LAD of the two laser
sources can be easily observed. The shapes of LAD of
CDLS are oval while those of SDLS look like circle.

By looking into Fig.3(a) to (d) and Fig.3(e) to (h),
large differences will be obtained by the LAD of the
model filled with air and URHM. The whole model filled
with URHM absorbs the light energy and shows the
LAD of the whole model. On the contrary, the whole
model filled with air doesn’t absorb the light energy and
shows an empty cavity in the LAD of the whole model.
The relative light absorption values in Fig.3(a) and (b)
are smaller than those in Fig.3(e) and (f). It indicates that
LAD of the model filled by URHM will be more ho-
mogenous. Such a phenomenon also happens in Fig.3(c),
(d) and Fig.3(g), (h).

LADs of uterine model produced by CDLS filled with
URHM at 800 nm in yz-plane and xz-plane are shown in
Fig.4(a) and (b), respectively. The same LADs of uterine
model were found in two planes except the fallopian tube
which can only be observed in yz-plane. Since the 3-D
uterine model was designed in cylindrical symmetry
along z-axis except the fallopian tube, we have enough
reason to believe that the same would be true for the
model produced by CDLS or SDLS filled with air or
URHM at wavelengths of 630 nm or 800 nm.
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Fig.4 LAD of uterine model produced by CDL filled
with URHM at wavelength of 800 nm in (a) yz-plane
and (b) xz-plane, respectively

In order to give a quantitative comparison of irradiated
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range by the two diffused light sources filled with air and
water at wavelengths of 630 nm and 800 nm, absorbed
light energy distribution profiles through the center of
the light source (z=—10 mm) along the y-axis were ana-
lyzed.

To begin with, profiles of LAD of uterine model at
wavelengths of 630 nm and 800 nm through the center of
the light source are shown in Fig.5. The relative light
absorption values of the uterus at wavelength of 630 nm
are significantly higher than those at wavelength of
800 nm by the two different light sources filled with air
or URHM. The light absorption of uterine wall is sup-
posed to be smaller as possible so that the tumor can
absorb more light energy for easy detection. Under this
consideration, 800 nm will be a better choice for PAI
than 630 nm.

In addition, profiles of LAD of uterine model pro-
duced by CDLS and SDLS through the center of the light
source are shown in Fig.6. Different shapes of light
sources do not seem to make a difference for the LAD of
uterus although a difference can be obtained in the center
of the light source. This could be rational because the
light sources are not very close to the uterine wall. We
can figure out the values of relative light absorption by
the two different diffused light sources fall down to the
same level very quickly. That is why the light absorption
distributions of the uterus are similar so that the shapes
of the light sources have the same effect. In other words,
the shape of the light source is less important when the
fiber is put in the center of a relatively large cavity. In
the real world, the cavity of the uterus will be very com-
plicated for women. The upper uterine wall sticks to the
lower uterine wall sometimes in pre-menopause or
post-menopause women. Under this consideration, we
will use the CDLS which can affect bigger area when it
is close to the uterine wall in the future.
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Fig.5 Profiles of LAD of uterine model at wavelengths
of 630 nm and 800 nm through the center of the light
source (z=-10 mm)
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Fig.6 Profiles of LAD of uterine model produced by
CDLS and SDLS through the center of the light source
(z=-10 mm)

Last but not least, profiles of LAD of uterine model
filled with air or URHM through the center of the light
source are shown in Fig.7. The relative light absorption
values of uterus filled with URHM are higher than those
of uterus filled with air. That is to say, the URHM facili-
tates the light propagation. This also indicates that a ma-
terial which has an extremely small absorption coeffi-
cient and an extremely big scattering coefficient is help-
ful to the light delivery in the uterus cavity.
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Fig.7 Profiles of LAD of uterine model filled with air or
URHM through the center of the light source
(z=-10 mm)

The results of the irradiated area in yz-plane (x=0 mm)
produced by CDLS and SDLS respect to scattering coef-
ficients from 10 mm™ to 102 mm* are shown in Fig.8(a).



* 0400 -

It can be seen that there is a peak value in each of line.
Moreover, the irradiated area of CDLS is larger than the
area of SDLS. The peak values of CDLS and SDLS are
found at the scattering coefficients of 5 mm™ and 6 mm™,
respectively. As we know, higher scattering coefficient
facilitates the light delivery in the tissue. However, high-
er scattering coefficient increases the chance of absorp-
tion. Thus, a relative irradiated area is defined as irradi-
ated area times us/ua. The results of the relative irradiated
area are shown in Fig.8(b). A significant increase was
found in the relative irradiated area as the increase of
scattering coefficient. The ratio of scattering coefficient
and absorption coefficient has a considerable impact on
the irradiated area. That is to say, the material which has
an extremely small absorption coefficient and an ex-
tremely big scattering coefficient helps the light delivery
in uterus cavity.
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Fig.8 Results of the irradiated area in yz-plane
(x=0 mm) produced by CDLS and SDLS respect to
scattering coefficients from 10* mm to 102 mm-?

In this paper, light propagation and absorption were
successfully simulated by using the designed 3D model
of uterus filled with air or URHM employing Monte
Carlo simulation by two different diffused light sources
at 630 nm and 800 nm wavelengths. The simulation re-
sults show that the laser with a wavelength of 800 nm is
good for detection of endometrial carcinoma by PAI. On
the contrary, the shapes of light sources are not important
since the fiber of the light source has a distance from the
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uterine wall. Material like URHM which has an ex-
tremely small absorption coefficient and an extremely
big scattering coefficient is helpful to the illumination of
the uterus cavity.
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