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Simulation of light delivery for photoacoustic breast

imaging using the handheld probe
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The photoacoustic tomography by using the handheld probe has a great potential in clinical breast imag-
ing. However, the shape of the probe limits the choice of light delivery in this setup. In this letter, we
study two commonly used illumination types for handheld probe: bright-field illumination and dark-field
illumination. Our results demonstrate several parameters have important impact on the photon fluence in
deep breast tissue. The results will help to optimize the design of the photoacoustic breast imaging system
with a handheld probe.
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The breast cancer is a primary health threat to women
globally. Nowadays X-ray mammography and ultrasound
are widely used in the breast cancer diagnosis. However,
the ionizing radiation of X-ray mammography has the
potential hazard causing carcinogenic risk, and ultra-
sound has not enough contrast and specificity for early
cancer detection[1]. Photoacoustic tomography (PAT)
is an emerging nonradioactive imaging technique with
high optical contrast and fine spatial resolution in deep
tissue by combining diffusive photons absorption with
ultrasound detection[2−5]. Due to the unique structure
and relative simple tissue composition, breast imaging is
always an important research field of PAT[6−8]. Preclin-
ical study demonstrated PAT has a great potential to be
a clinical non-invasive imaging method for diagnosis or
monitoring of breast cancer[9,10].

Since the handheld ultrasound probe has been clin-
ically widely used with great convenience, combining
optical illumination with ultrasound probe becomes an
important design for PAT[11−14]. To achieve a higher
signal-to-noise ratio (SNR) at the depth of interest, it
is very important to have enough photons to reach the
location while keeping the laser power under safety stan-
dard. Unlike many other PAT systems, the unique shape
of the probe and its clinical requirement demand an espe-
cially compact illumination design within a very limited
space. Several researches have demonstrated that illu-
mination parameters can have important affection on
photon transportation in PAT[15,16]. In this letter, we fo-
cused on two illumination types that are generally used in
handheld based PAT systems: bright-field and dark-field
illuminations[17,18]. The Monte Carlo (MC) simulations
were used to study the influence of the illumination pa-
rameters in both types on the light distribution in deep
breast tissue (0.5−3 cm under skin). The results will
help to optimize the design of the handheld-based PA
imaging system for breast imaging.

The schematic diagrams of the breast tissue model and
PAT probe are shown in Fig. 1. The breast tissue was
considered to be a two layer system: skin layer and sub-
cutaneous fat layer. The subcutaneous fat layer was con-
sidered as semi-infinitely deep. The rectangular shaped

handheld probe was immersed in water that served as
the coupling medium. In this letter, we chose the illu-
mination laser as a near infrared (NIR) light source at
757 nm. The optical properties of the breast tissue and
coupling medium at this wavelength were given in Table
1.

Two illumination types were studied: bright-field and
dark-field illumination, as described in Fig. 1. In the
bright-field case, the rectangular beam normally shined
on the tissue surface right below the probe head. This
illumination can be achieved by several methods, such
as customized probes with optical fibers inside or us-
ing a reflector[15,17]. The primary parameters in this
simulation are the width (w) and the length (l) of the
illumination beam. In the dark-field case, two rectan-
gular beams obliquely launched from both long sides
of the probe. The illumination parameters include the

Fig. 1. (Color online) Configurations of the two illumination
types and the biological tissue. (a) The bright-field design;
(b) the dark-field design. The y-axis points outward.

Table 1. Optical Properties of the Breast Model at
757-nm Wavelength[9,10]

Layer
Refractive

µa(cm−1) µs(cm
−1) g

Thickness
Index (cm)

Water 1.33 — — — —
Skin 1.4 0.2 75 0.8 0.2

Subcutaneous
1.4 0.04 100 0.9 —

Fat
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Fig. 2. (Color online) The uniformity of the light distribu-
tion along y-axis (a) the light distribution in the whole image
plane (the 3D distribution of the photon density is available
online created by ImageJ (National Institutes of Health)), (b)
the normalized light distributions along y-axis at z = 0.5–3
cm. (c) The normalized light distributions along y-axis with
different beam widths.

incident angle (θ), the widths (w′), the length (l
′

) of
the two beams, and the interval (d) between them on
skin. In this letter, we employed the MC simulation
method to study how these parameters of illumination
configurations affect the photon distribution under the
probe. In the simulation, the tissue surface is set as x−y
plane, and z-axis is the normal of the surface pointing
to the tissue. The size of the probe is based on a 5−14
MHz ultrasound probe (L14-5/38, Ultrasonix, Canada)
with a length of 3.8 cm. The ultrasound array aligned
parallel to y-axis, that is, the B-scan imaging plane is in
the y-z plane. The point on the skin surface right below
the center of the ultrasound probe was set as the origin
of the coordinate system. The number of photon pack-
ets in each MC simulation was 100 million. The incident
pulse power density on the surface in all simulations is
1.0 mJ/cm2.

Given the illumination parameters, we firstly used MC
to get the photon distribution for a single beam light,
which serves the Green’s function (G(x, y, z)). Since the
optical property in this model is invariant in x and y di-
rections, and the illuminating beams are all collimated,
then the photon distribution (C(x, y, z)) of the finite-size
illumination beams in both types can be computed by the
convolution of their Green’s functions and illumination
patterns:

C(x, y, z) =

∫∫

x′,y′∈S

G(x − x′, y − y′, z) ∗ S(x′, y′)dx′dy′,

(1)

where S(x, y) represents the rectangular intensity profile
illuminated on the tissue surface. This equation is solved
by numerical integration. For different illumination pa-
rameters, we solve Eq. (1) by choosing corresponding
G(x, y, z) and S(x, y).

Since the field of view for a typical handheld probe is
a narrow plane just under the probe head, we therefore
only studied the photon distribution along y-axis and
z-axis in the imaging plane of the probe. In the letter,
we assumed the length of the laser beams was the same
as the length of the probe.

Due to the finite size of the illumination area, photon
fluence in tissue varies along the y-axis. Since the PA
signal is proportional to the production of the absorption
coefficient and light fluence, quantitative PAT desired a
uniform or known distribution of light in tissue. Here,
various beam sizes and illumination angles were used
in simulation to study how these parameters affect the
radiation field along y axis.

For type 1 a rectangular laser beam normally illumi-
nated on the skin. We simulated different widths of the
beam. The first case used the width of w=0.1 cm. The
photon fluence distribution in the imaging plane was
shown in Fig. 2(a), which was plotted in log scale. The
result indicates that there is a slight decline from the cen-
ter to edge along the y axis at a given depth. To evaluate
the uniformity at different depths, the light fluence along
y-axis at four depths (z=0.5, 1, 2, 3 cm) were normalized
to their maximum values at each depth respectively, as
shown in Fig. 2(b). For instance, at z= 0.5 cm, the
maximum decrease of the fluence from the center to the
edges was about 49%. From z=0.5 to 3 cm, the fluence
declined more and more quickly away from the center but
more and more slowly approaching to the edges. Then,

Fig. 3. Fluence versus depth with different widths of the laser
beam in type 1.
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Fig. 4. Normalized fluence variation at different depths with
(a) the incident angle and (b) the separation interval of the
beams in type 2.

different beam widths from 0.1 to 4 cm were simulated.
The fluence distributions at z = 2 cm were chosen as
the representative of the uniformity studies. As shown in
Fig. 2(c), the fluence distributions with different beam
widths which were normalized to their maximum fluence
values at each width respectively nearly coincided, indi-
cating that the width of the illumination light had little
influence on the fluence uniformity at this depth. Simi-
lar results were also obtained at other depths. For type 2
the influences of the incident angle (θ), beam width (w′),
and the dark-field separation interval (d) were all stud-
ied. The normalized fluence distributions at z = 2 cm
under these different parameters also present a similar
behavior with type 1, i.e., the fluence variation along y-
axis is insensitive to the illumination parameters. There-
fore, the two illumination types and those parameters of
beam width, illumination angle, and dark-field interval
have little influence on the uniformity patterns along y
direction in the imaging plane.

We went on studying how the illumination parameters
affect the fluence distribution at different depths. Pa-
rameters including beam width, incident angle, and dark-
field separation interval were simulated. Here, we only
present the results at the center z-axis, while similar re-
sults were obtained at other positions.

In type 1 case, we simulated fluence with different
widths of the laser beam from 0.1 to 11 cm. In Fig.
3, we plotted the fluence vs. beam width at different
depths, and at each depth, we normalized the fluence to
its maximum value. With no surprise, the result shows
that the fluence increases as the width of the beam in-
creases. However, the increase of the fluence will slow
down significantly after the width reaches certain scale.

For instance, at z=3 cm, there will be no big difference
in fluence once the beam width becomes wider than 5
cm.Here, we choose 90 % of the maximum in fluence
as the reference level. Based on simulation results, we
obtained an empirical relationship between the required
beam width w (cm) and the imaging depth (z=0.5 to 3
cm) to reach the reference level, which is fitted by using
the least-squares method:

w ≈ 2.82 ∗ z0.52. (2)

In type 2 case, the influence of the incident angle, the
interval of the two beams and the widths of them were
studied. Firstly, the incident angle varied from 0◦ to 89◦.
The separation interval of the beams was set as d=0.1
cm, and the illumination width of each side was set as
w′ = 0.5 cm. The simulation results were normalized to
the maximum fluence value at each depth respectively.
Figure 4(a) presents the fluence variation with differ-
ent incident angles at z= 0.5, 1, 2, 3 cm. The fluence
has the maximum at around 0◦−20◦ and then declines
monotonously as the incident angles increases. Secondly,
different separation intervals of the beams from 0 to 4 cm
were simulated with w′ = 0.5 cm and θ=30◦. The result
was shown in Fig. 4(b). The fluence drops very quickly
as the dark-field interval becomes broader. Finally, the
simulation with the width of the two side beams from 0.1
to 5.5 cm were studied, where fixing θ= 30◦ and d =0.1
cm. Similar to the analysis in type 1, here we also use
90% of the maximum fluence as the reference level, and
a similar empirical relationship between the beam width
and the imaging depth is obtained. In order to be con-
sistent with Eq. (2), we choose W=2w′ (cm) instead of
w′. The fitted formula is

W ≈ 2.81 ∗ z0.52. (3)

From the results, it is obviously that small incident an-
gle, narrow separation interval and wide beams lead to
more photons to be deposited under the probe. However,
the conditions of small incident angle and narrow dark-
field usually cannot be satisfied simultaneously due to
the probe shape. A balance between the incident angle
and the dark-filed interval should be made. The light
distribution in the breast tissue under the combination
of varied incident angles (from 0◦ to 89◦) and inter-
vals of the dark filed (from 0 to 4 cm) were simulated.

Fig. 5. (Color online) Normalized fluence distributions with
the combination of varied incident angles and dark-filed in-
tervals.
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Figure 5 shows the variation of the fluence distributions
normalized to the maximum value with different parame-
ter combinations, where the illumination pattern was set
3.8×0.5 (cm) and the imaging depth was set at 2 cm.
Designers could find out the optimized combination of
incident angle and the dark-field interval according to
the result.

In conclusion, in order to develop PAT with handheld
probe for breast imaging, we employ MC simulations to
study light distributions with two different illumination
types. In our study, the light beam size, illumination an-
gle, and the separation interval of the beams are all simu-
lated. As long as the length of the laser beams is designed
identical as that of the ultrasound array, the uniform of
the fluence distribution along the y-axis is acceptable and
is insensitive to other illumination parameters. Besides,
our study provides the optimal illumination strategy in
each type. In type 1 the photon deposition increases as
the width of the beam becomes broader. However, the
fluence approaches saturation when the width becomes
enough wide. An optimal laser beam width given by Eq.
(2) can not only generate a high PA signal but also avoid
unnecessary light exposure and heating of the tissue. In
type 2 the wider beam will help the fluence increase and
an empirical formula Eq. (3) is provided too. Moreover,
the fluence increases when the incident angle decreases
and the width of the dark-filed interval become narrower,
but a balance between them needs to make in practical
application. According to Fig. 5, designers can seek an
optimal combination of the incident angle and the sepa-
ration interval. Besides, the type 1 can be regarded as
the extreme form of type 2, and has the maximum light
fluence. Therefore, although type 2 design is more practi-
cally convenient, type 1 has better imaging performance
for breast imaging. This letter will help researchers and
manufactures to design and optimize the PAT probe in
their applications.
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