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Integrating photoacoustic (PA) and ultrasound (US) into a handheld probe to perform PA/US
dual-modal imaging has been widely studied over the past few years. However, optical fluence
decreases quickly in deeper tissue due to light scattering and absorption, which would signifi-
cantly affect the quantitative PA imaging. In this paper, we performed a fluence compensation for
a PA imaging study of human breast. The comparison of PA /US image with and without optical
fluence compensation demonstrated that the fluence compensation could effectively improve

imaging quality for handheld probe.
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1. Introduction

According to the American Cancer Society, breast
cancer is the most frequently and the second leading
cause of cancer death in women in the USA.!
Although X-ray mammography plays an important
role in the detection of breast cancer, it could miss
cancers especially in women with dense breasts or
lack of microcalcification.” In addition, the radia-
tion hazard of X-ray mammography makes it

fCorresponding author.

unsuitable for frequent examination. In contrast, ul-
trasound (US) detection is a safe and routing method,
and is capable of visualizing small node-negative breast
cancers that are not effectively identified by X-ray
mammography.”> However, US has a relative low
specificity, and it highly depends on the experience
and skills of the physician.*

Photoacoustic (PA) imaging is an emerging hy-
brid imaging modality, which relies on tissue optical
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properties. It can provide sensitive optical imaging
of deep targets with high ultrasonic spatial resolu-
tion.” In addition, it is noninvasive and safe, which
makes it suitable for not only medical screening but
also long-term frequent prognosis evaluation. Over
the past few years, PA imaging has gained a lot of
progresses in both technology development and
implementations. Among those progresses, the
combination of PA and US with handheld probe has
drawn much attention owing to its dual-modality
capability.” '’ Combining a traditional clinical
linear probe with optical fiber bundles is a popular
method to build the PA /US probe, and this type of
probe has been used to image sentinel lymph node,*!!
human vessels of forearm,” human thyroid.'?

The initial PA pressure is proportional to the
product of local optical absorption coefficient and
the optical fluence deposited at the same location.
However, the optical fluence could vary signifi-
cantly in living tissue, so the optical fluence
compensation is essential for quantitative PA
imaging.'® In this study, we demonstrated our PA/
US dual mode imaging result of human breast with
and without optical fluence compensation. Our
result has shown that light compensation could
effectively improve the imaging quality in deeper
tissue.

2. Methods and Material
2.1.

The dual-modality imaging system was based on a
modified high-end commercial clinical US system
(Resona7, Mindray Bio-Medical Electronics Co.,
Ltd., China), which is capable of parallel data ac-
quisition. A clinical 192 elements linear probe with
5.8 MHz-central-frequency (L9-3U, Mindray Bio-
Medical Electronics Co., Ltd., China) was used. The
system could perform PA imaging on receive-only
mode with all US imaging functions preserved.
The laser source is a Q-switched Nd:YAG laser
(LS-2137/2, LOTIS TII, Minsk, Belarus), which
could generate 1064 nm laser pulses at 10 Hz. We
also customized a one-two bifurcate optical fiber
bundle (made by Nanjing Chunhui Science and
technology Industrial Co. Ltd., Nanjing, China) to
deliver the laser. Two fiber bundle terminals were
mounted on the two sides of the probe, as shown in
Fig. 1. To avoid unwanted PA signals caused by
light illumination on probe head, a thin film made of

System setup

Probe

Fiber bundle

‘@‘ Gel Pad
&

Schematic diagram of dual-modality imaging setup.

Breast

Fig. 1.

silica gel mixed with TiOy particles covered the
front surface of the probe.

In addition, a 4mm-thick transparent soft gel
pad was placed between the tissue surface and the
probe, and the illumination incident angle of laser
was 30°, as shown in Fig. 1.

We performed our PA imaging on a 47 year old
woman. The enrollment of the research is approved
by the Institutional Ethics Committee of Peking
Union Medical College Hospital.

Method

Theory of fluence compensation

2.2,
2.2.1.

According to the mechanism of PA effect, within
the condition of short laser pulse, the initial PA
pressure p, can be calculated as follows'*:
2
n(r) =25 Ay =ram, )
P
where (3 is the volume thermal expansivity, C, is the
constant-pressure specific-heat capacity, v, is the
sound speed, and A is the absorbed energy density
(specific optical absorption) that is transformed
into heat at location = per unit volume per laser
pulse. I' is the Griieneisen coeflicient representing
the efficiency of the conversion of heat to pressure. If
the absorption coefficient at point 7 is p, () and the
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optical fluence is F(r), then A(r) can be rewritten
as follows:

A(r) = pu(r) x F(r) and

pa(r) = A(r)/F(r).

According to Egs. (1) and Eq. (2), the initial
pressure p,(r) is proportional to the product of p, ()
and F(r). In general, the optical fluence F(r) is
nonuniform in tissue due to the strong light scat-
tering and absorption. Thus, the reconstructed ini-
tial pressure py(7) could not accurately represent the
distribution of absorption coefficient p, (7). There-
fore, this nonuniform optical fluence might cause the
low contrast in deeper tissue where F'(r) decreased
greatly. If the optical parameters of the tissue is
known, one can calculate the optical fluence by
solving the photon diffusion equation using the finite
element method.'”'¢ In this study, we imaged the
breast tissue structure by US, and then we could set
appropriate optical parameters for different types of
tissues and solve the optical fluence of tissue. With
the known optical fluence distribution, the real op-
tical coefficient can be calculated according to
Eq. (2) viadividing the PA reconstruction images by
local fluence values.

(2)

2.2.2.

To evaluate the performance of the proposed com-
pensation method, we did a phantom study. In this
phantom study, as shown in Fig. 2, we embedded two
0.6 mm diameter carbon rods in two layers of cuboid

Phantom study

Imaging plane
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Fig. 2.
diagram of detection setup and three layers.
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agar phantom with intra lipid added. The weight
concentration of intra lipid (IL) was 3.3% at first
layer and 1.8% at second layer. The third layer was
pure agar phantom without any IL added. Then we
imaged these two carbon rods with both US mode
and PA mode. Two black solid lines in Fig. 2(b)
represented two carbon rods to be imaged. It should
be noted that the top layer of gel pad and the third
layer of the phantom were considered as transparent
mediums, and they provide two index-matched
boundary conditions for the top and bottom bound-
aries in COMSOL simulation. The illumination in-
cident angle of laser was 45°, as shown in Fig. 2(b).

The reduced optical scattering coefficient of 0.1%
IL at wavelength of 1064 nm was measured to be
0.832 cm~!. Thus, in our COMSOL simulation, the
reduced optical scattering coefficients of the first and
second layers were set 27.5cm ™! and 15.0cm ™!, re-
spectively. The absorption coefficients of both these
two layers were set 0.12 cm !, the same with water'”
because water is the main optical absorption sub-
stance at this wavelength.

We performed the proposed method by numeri-
cal simulation with COMSOL (COMSOL Inc.,
Sweden). In the diffuse approximation, the light
source was equivalent to two bands lying dz beneath
and parallel with the phantom surface, which was
calculated as

dz =1} x cos31°, (3)

while [} = 0.19 cm was the transport mean free path
in the first layer. The dimension of each band was

Gel Pad (4 mm)

= = =5
Carbon rods 1st layer (8 mm)
2nd layer (12 mm)

3rd layer

(b)

(a) The shape of two layers phantom with IL added was assumed to be a cuboid in COMSOL simulation. (b) The schematic
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Fig. 3.

® Map of the central cut plane.

5cm x 1 cm. Because the refractive index of the
gel was similar to that of phantom, the boundary
between gel pad layer was treated as a refraction-
index-matched one'*:

O(r) —2DVEO(r) - n =0, (4)

where @ is the fluence rate (which is proportional to
the optical fluence in this study), D is the diffusion
coefficient calculated by D =1/(3(u, + p'y)), n is
the unit normal vector of the boundary pointing
into the phantom layer.

The diffusion equation for global region was
given in Eq. (5), and the source condition of two
light bands was set to be Eq. (6),

1
——2V2<I>+<I>:0, (5)
Mgt
1
Hegr

where pu. is the effective attenuation coeflicient
calculated by pey = v/pa/D, and S is the optical
source. Boundary conditions of other four side sur-
faces of the cuboid were all set to be zero fluence as
the distance is large enough for optical fluence to be
negligible at these surfaces. The simulation result of

max

(a)

min

Fig. 4.

optical fluence distribution at imaging plane was
shown in Fig. 3.

We carried out our optical fluence compensation
by dividing the original reconstructed PA image with
the optical fluence map as shown in Fig. 3. Figures
4(a) and Fig. 4(b) showed reconstructed PA image
with and without optical fluence compensation,
respectively. Both figures were normalized to their
maximum value in Fig. 4(a). In addition, the US
image was also shown in Fig. 4(c). In Fig. 4(a), the
bottom carbon rod at the second layer was almost
invisible while in Fig. 4(b) after compensation, it
could be seen as clear as the upper carbon rod at
first layer.

To evaluate the effect of the compensation
method quantitatively, Table 1 compared the nor-
malized values before and after compensation.

Theoretically, absorption coeflicients of these
two carbon rods were the same and they should give
out same value after compensation. As seen in the
table, after compensation, the bottom carbon rod
clearly shows up, and the corrected PA value of the
bottom carbon rod was close to the upper carbon
rod. Therefore, this phantom study showed that our
optical fluence compensation method in this case
was very effective.

2.2.3.

In the preclinical case study, we performed the
proposed method by numerical simulation with
COMSOL (COMSOL Inc., Sweden) as well. In this
simulation model, since the probe (~4cm long) is
much smaller than the breast and the reconstructed
region was only up to 2cm beneath the skin,
the breast (shown in Fig. 5(a)) is large enough to be
as a semi-infinite medium considering the quick
fluence decrease as the distance from the probe.
The simulation cuboid has a dimension of

A pilot preclinical study

(a), (b) PA images of phantom with and without optical fluence compensation; (c) US images of the same phantom.
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Table 1. Comparison of PA values before and after compensation.

Carbon rod Before After
number Depth (mm) compensation  compensation
1 3.0 1 1

14.5 0.142 1.30

200 mm x 200 mm x 154mm and consists of three
layers: a 4mm-thick gel layer, a 3 mm-thick skin
layer, and a 147 mm-thick breast adipose layer. The
schematic diagram of detection for this model was
shown in Fig. 5(b), which corresponded to yz plane
across = 0 in Fig. 5(a).

The absorption and scattering coefficients of the
transparent gel pad layer were all set to be zero. As
shown in Fig. 5(b), according to the previous lit-
eratures, the absorption coefficient and the reduced
scattering coefficient of the skin layer are
o, =0.1cm™! and pf; = 10cm~1,'® respectively;
the absorption coefficient and the reduced scatter-
ing coefficient of adipose layer are y,, = 0.091 cm ™,
and p'y = 6 cm 1, respectively.

The incident angle of laser illuminating on skin
surface was 21° (considering the light refraction
from air to gel pad). In the diffuse approximation,
the light source was equivalent to two bands lying
dz beneath and parallel with the skin surface, which
was calculated as

dz =1} * cos 21°, (7)

while [} = 0.1 cm was the transport mean free path.
The dimension of each band was 5cm x 1 cm.
Because the refractive index of the gel was simi-
lar to that of tissue, the boundary between gel pad
layer and skin layer was treated as Eq. (4) and n is
the unit normal vector of the boundary pointing
into the skin layer. The diffusion equation for global
region was given in Eq. (5), and the source condi-
tion of two light bands was set to be Eq. (6).
Boundary conditions of other five surfaces of the
cuboid were set to be zero fluence as the distance is
large enough for optical fluence to be negligible at
these surfaces. The cuboid was meshed into free
tetrahedral with element size of extra fine defined
by COMSOL, 1012184 elements in total. Then
COMSOL was used to solve the optical fluence of
the cuboid. The calculated optical fluence in the
central cut plane was shown in Fig. 6(a), which was
used as the relative compensation coefficient map to
be applied to compensate the the PA images

Optical fluence compensation for handheld photoacoustic probe

Breast adipose

yz plane (x=0)

(b)

Fig. 5. (a) The shape of breast tissue was assumed to be a
cuboid and (b) the schematic diagram of detection setup.

Depth z =19 mm

Width = 44 mm

(a)

Fig. 6. (a) Relative ® map of the central cut plane. (b) Relative
fluence along the dark dotted line.

1740002-5



J. Innov. Opt. Health Sci. 2017.10. Downloaded from www.worldscientific.com

by HUAZHONG UNIVERSITY OF SCIENCE AND TECHNOLOGY on 09/22/18. Re-use and distribution is strictly not permitted, except for Open Access articles.

L. Zhao et al.

4 8 12 16 20
Depth z =19 mm

(b)
Fig. 6. (Continued)
according to Eq. (2). The fluence variance along the

centerline (as marked dashed in Fig. 6(a)) was
plotted in Fig. 6(b).

3. Results of Preclinical Study Case

Figure 7(a) showed the original reconstructed PA
image (based on the delay and sum algorithm). The
primary PA sources under skin are vessels. We
marked four vessels (white dashed circles) values at
different depths. As discussed before, the recon-
structed values become weaker as the depth
increases, and the No. 4 vessel becomes almost

Fig. 7. (a) PA image of breast without optical fluence com-
pensation. (b) PA image of breast with optical fluence
compensation.

Table 2. Comparison of PA values before and after compensation.
Vessel Depth Before After Relative
number  (mm) compensation compensation  fluence
1 3.0 1 1 2.7379
2 7.3 0.8386 0.8971 2.5749
3 9.6 0.3428 0.4300 2.1830
4 144 0.1172 0.2908 1.1031

invisible. By dividing Fig. 7(a) with the fluence map
in Fig. 6(a), the optical fluence compensation was
applied to original PA reconstruction images as
shown in Fig. 7(b). Both Figs. 7(a) and 7(b) were
normalized to their maximum values.

To demonstrate the compensation effect quanti-
tatively, Table 2 compared their normalized values
before and after compensation.

As seen in the table, reconstructed vessel values
in deeper region were significantly increased (more
than two fold). Therefore, the No. 4 vessel becomes
much more prominent as shown in Fig. 7(b).

To construct a fused US/PA image, people gen-
erally set a threshold for PA image. In this study,
we set 15% of the maximum value as the threshold.
Figure 8 showed the comparison of before and after
optical fluence compensation for fused images.

(b)

Fig. 8. (a) US/PA dual mode image without compensation of
optical fluence. (b) US/PA dual mode image with compensa-
tion of optical fluence.
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Without compensation, vessels with weak signal
might be missed in the fused PA/US image (as the
No. 4 vessel in the right bottom location). However,
optical fluence compensation also caused the
increase in background signal, including noise in
deeper region, leading to a lower signal to noise ratio.
For instance, besides the No. 4 vessel, another new
pattern also shows up in the left bottom of Fig. 8(b),
which is suspected to be the amplified noise signal.

4. Discussion

In this study, based on an in vivo human study, we
showed that optical fluence compensation could be
important for handheld PA/US probe. We calcu-
lated optical fluence using finite element method by
COMSOL, and the computation results can effec-
tively compensate the fluence drop effect. Although
some researchers also used Monte Carlo method to
perform similar progress,?’ it needs much longer
calculation time and is not suitable for future real-
time processing.

However, the simple simulation model used in
this work is still far from the real condition. The
structure of breast tissue was not a simplified
sandwiched pattern, and it will have much more
complicated three-dimensional structures. In the
future, we will acquire 3D breast anatomical imag-
ing to achieve realistic breast tissue components and
morphology, and then we can set different optical
parameters into the model to solve the equation.
Besides, this optical fluence compensation method
could cause serious decrease of SNR in the deeper
region. A more sensitive probe for PA imaging is
also desired to suppress the noise level.

In conclusion, our study showed that with optical
fluence compensation, we could regain important
information of PA /US images in deeper tissue. It is
essential for future clinical studies for quantitative
PA/US imaging, which aims at the diagnosis of
breast tumor based on vascular morphology and
functional information (like oxygen saturation).
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