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Abstract—Breast photoacoustic imaging is an emerging clinical
application that requires non-invasive illumination through skin.
However, the melanin content of skin can introduce unwanted
acoustic clutter, thereby compromising target visibility and over-
all image quality, which presents a significant challenge when
considering the wide range of skin tones that are expected to
benefit from access to the technology. To quantify the impact
of this challenge, we conducted a series of multidomain pho-
toacoustic simulations using five optical wavelengths, 18 skin
constitutive pigmentations, and a previously validated 3D breast
model. Three scenarios were considered: (i) the baseline scenario,
in which a photoacoustic target was surrounded by breast tissue
and covered by a layer of skin; (ii) the baseline scenario with
the skin layer removed; and (iii) the baseline scenario with the
photoacoustic target removed. Clutter levels ranged -11 dB to
11 dB with the baseline scenario. When skin was removed,
this clutter was reduced by up to 39 dB and the associated
target contrast improved by up to 39 dB relative to the baseline
scenario, confirming skin as the primary source of clutter. When
the target was removed, clutter decreased by less than 2.7 dB
relative to the baseline scenario, indicating minimal to nonexistent
clutter contributions from scattering due to the presence of the
photoacoustic target. Future work will investigate novel system
designs and protocols for patient-specific photoacoustic imaging
system customizations.

I. INTRODUCTION

Breast cancer detection is an important, emerging clinical
application of photoacoustic imaging, particularly after FDA
premarket approval of a new breast photoacoustic imaging
system design [1], [2]. However, non-invasive illumination
through skin, which is a fundamental aspect of current breast
photoacoustic imaging designs, presents a significant challenge
when considering the variety of skin tones with potential
clinical access to the technology. In particular, multiple in vivo
studies indicate that the optical absorption of skin introduces
pronounced acoustic clutter within photoacoustic images, de-
teriorating target visibility and reducing contrast and signal-
to-noise ratios [3]-[6]. The optical absorption of skin is
typically dominated by the presence of melanin within the
epidermal layer [7]. As melanin is primarily responsible for
skin pigmentation [8], a higher melanin concentration in darker
skin tones corresponds to increased optical absorption by the
skin, ultimately resulting in degraded image quality. For this

reason, it is critical to comprehensively understand the sources
of clutter generation from different skin tones, as this under-
standing is essential to establishing equitable photoacoustic
imaging system designs and appropriate imaging protocols.

The individual typology angle (ITA®) provides an objective
method to categorize skin tones. This classification is achieved
by calculating ITA® using the L* and b* values from a
colorimetric analysis based on the CIELAB color space [9].
Based on previous reports [9], [10], an individual’s ITA® value
can be used to categorize skin tone as follows: very light
(>55°); light (55°— 41°); intermediate (41°— 28°); tan (28°—
10°); brown (10°— 30°); and dark (< -30°). Notably, ITA®
correlates directly with skin melanin content [11], and the
equation proposed by Junior et al. [12] establishes a relation-
ship between skin optical absorption coefficient, ITA°, and
optical wavelength, which further demonstrates the practical
utility of ITA®.

While it is understandably not possible to control all possi-
ble parameters of interest in a purely experimental setting,
simulations do not suffer from this challenge. In addition,
simulations enable us to quantify the impact of melanin on
image quality and photoacoustic target visualization under a
range of imaging scenarios. Therefore, we employ a previ-
ously validated 3D realistic breast model [13] to implement
multidomain photoacoustic simulations with a representative
range of controlled optical wavelengths and skin tones.

II. MATERIALS AND METHODS

Multidomain photoacoustic simulations were performed by
computing both light transport and acoustic wave propagation
in a pre-defined volume of interest using the MCXLAB [14]
and k-Wave [15] MATLAB (Natick, MA) toolboxes, respec-
tively. Our simulated volume was based on a 3D realistic breast
model [13], immersed in water, with one slice of this volume
illustrated in Fig. 1. The dimensions of this volume were 40
mm X 15 mm x 20 mm in the lateral, axial, and longitudinal
directions, respectively, with a voxel size of 100 pm. Within
this volume, a spherical inclusion with a diameter of 3 mm was
incorporated to represent a photoacoustic target. The optical
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Fig. 1. A cross-sectional view of the simulated volume within the imaging
plane, demonstrating various tissue constituents, including, water, skin, fat,
fibroglandular tissue, and a photoacoustic target.

and acoustic properties of the target were configured to match
those of blood.

For the optical component of the simulations, 108 photons
were emitted using a 4-mm-radius collimated Gaussian beam,
centrally positioned at the uppermost part of the volume. To
evaluate the impact of wavelength and skin tone on the result-
ing photoacoustic images, a total of five wavelengths (532 nm,
750 nm, 810 nm, 870 nm, and 1064 nm) and 18 ITA® values
(i.e., 3 samples from each skin tone category) were modeled.
Reported values for the optical absorption coefficients of water
[16], blood [16], fat [13], and fibroglandular tissue [13] were
additionally modeled. The optical absorption coefficients for
skin were calculated using the equation proposed by Junior
et al. [12]. The optical scattering coefficients for all tissues
were obtained from [7], and the anisotropy factor and index
of refraction of all tissues were standardized to 0.9 and 1.37,
respectively.

For the acoustic component of the simulations, the initial
pressure was determined by considering the product ®(7) -
ta(7), where ®(7) is the output light fluence map derived
from the optical simulation and pu,(7) corresponds to the
known optical absorption coefficient map used in the optical
simulations. A linear array ultrasound transducer with 128
elements, 0.3 mm pitch, and a center frequency of 7 MHz
was positioned at the top of the central slice to record the
acoustic pressure. Table I summarizes the acoustic properties
of each tissue component in the simulations.

To determine the magnitude, impact, and source of em-
pirically observed clutter, three comparative scenarios were
evaluated: (i) baseline, defined as a target surrounded by breast
tissue with a skin layer present, (ii) baseline with the skin
layer removed, and (iii) baseline with the target removed.
Amplitude-based beamforming using a single-step fast Fourier
transform (FFT) reconstruction technique [15] was applied
using the k-Wave MATLAB toolbox to create the final images.

TABLE I
ACOUSTIC PROPERTIES

Speed of sound Density Attenuation

Layer 3
[m/s] [kg/m-] [dB/MHz-cm]

Water 1500 1000 0.0025
Skin 1650 1150 0.35
Fibroglandular 1515 1040 0.75
Fat 1470 937 0.60
Target 1584 1040 0.20

To quantify the observations, skin photoacoustic signal,
clutter level, and target contrast were calculated as functions
of wavelength (i.e., \) and skin tone (i.e., ITA®) as follows:

Starget , 1TAC
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Clutter level(\, ITA®) = 20 - log;, (“‘*) )

Starget, pp0

S o
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where Sskiny o Stargety a0 and Scluttery a0 AI€ the signal
amplitudes averaged over regions of interest (ROIs) within the
skin, the target, and an anticipated clutter-containing region
underneath the skin, respectively. These ROIs were selected
once using the image created with 750 nm wavelength and
60° ITA® (i.e., classified as very light skin tone), and the same
ROIs were utilized for the remaining wavelengths and ITA°
values.

III. RESULTS

Fig. 2 shows representative examples of photoacoustic im-
ages produced by the baseline scenario for each optical wave-
length and skin tone investigated, as well as corresponding
examples with skin removed. When illuminated with 532 nm
wavelength, the optical absorption of skin at this wavelength
resulted in high-amplitude skin signals and poor target visi-
bility. With longer wavelengths (i.e., 750 nm to 870 nm), the
skin signal was lower and target visibility improved, due to the
decrease in skin optical absorption, resulting in higher optical
fluence throughout the imaging plane. However, the 1064 nm
wavelength produced the lowest target visibility among the
wavelengths investigated, because of the decrease in light
fluence due to the elevated optical absorption of the initial
layer of water, coupled with the low optical absorption of the
target at this wavelength. When the skin layer was removed,
the presence of acoustic clutter was qualitatively minimal to
non-existent, and target visibility generally increased, which
confirms skin as a predominant source of acoustic clutter.

Figs. 3(a), 3(b), and 3(c) quantify our observations of
skin photoacoustic signal, clutter level, and target contrast,
respectively, as functions of ITA® for the five wavelengths
and three scenarios investigated. As expected for the baseline
scenario, in Fig. 3(a), the skin photoacoustic signal decreased
with increasing ITA® (i.e., with lighter skin tones) when illumi-
nated with 532 nm to 870 nm wavelengths and was relatively
constant as a function of ITA® values when illuminated with
1064 nm for the reasons stated above (i.e., primarily due to
the optical absorption of water).

In Fig. 3(b), clutter generally decreased with an increase in
ITA® and wavelength, as expected, with the exception of 1064
nm for the reasons stated above. When skin was removed,
clutter further decreased by up to 39 dB, 27 dB, 28 dB, 23
dB, and 14 dB for the 532-, 750-, 810-, 870- and 1064-nm
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Fig. 2. Representative examples of photoacoustic images obtained with the multidomain simulations.
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Fig. 3. (a) Skin photoacoustic signal as a function of ITA® for the baseline scenario. (b) Clutter level and (c) target contrast as functions of ITA® for the
three scenarios investigated. (d) Clutter as a function of skin photoacoustic signal with r values representing the correlation of these two variables for each

optical wavelength described in the legend of (a).

wavelengths, respectively, when compared to the clutter levels
for each baseline scenario. When the target was removed,
clutter decreased by less than 2.7 dB relative to the baseline
scenario for each wavelength and skin tone investigated,
indicating minimal to nonexistent clutter contributions from
any possible scattering caused by the presence of the simulated
photoacoustic target.

In Fig. 3(c), target contrast generally increased with increas-
ing ITA® (i.e., lighter skin tones), with the exception of the

1064 nm wavelength, due to the impact of the water layer
as described above. When skin was removed, the contrast
improved by up to 39 dB, 27 dB, 28 dB, 23 dB, and 14
dB for the 532-, 750-, 810-, 870- and 1064-nm wavelengths,
respectively, when compared to the contrast for each baseline
scenario.

Fig. 3(d) quantifies clutter as a function of the corresponding
skin photoacoustic signal for each wavelength investigated.
This result demonstrates the correlation between these vari-
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ables when imaging with wavelengths ranging 532 nm to
870 nm. This correlation was lower when imaging with a
wavelength of 1064 nm, further highlighting the water layer
as responsible for the observed clutter with this wavelength.

IV. DISCUSSION

Our qualitative and quantitative results highlight skin as the
predominant source of acoustic clutter in non-invasive breast
photoacoustic images. This observation is supported by both
qualitative observations (Fig. 2) and the associated quantitative
clutter reduction (Fig. 3(b)) and target contrast increase (Fig.
3(c)), observed after the removal of skin. We are aware that the
reported clutter reduction with the 1064 nm wavelength may
seem counterintuitive because the associated clutter primarily
originated from the water layer. However, the related clutter
reduction achieved in the absence of skin suggests that the
presence of skin increases the acoustic impedance mismatch
between the water layer and breast tissue, thus increasing the
level of clutter in the associated photoacoustic images.

Our results are additionally insightful with respect to appro-
priate wavelengths to utilize in photoacoustic breast imaging.
In particular, illumination and visualization of contents within
a photoacoustic target is critical when imaging a suspected
tumor, as associated vascularization can be characterized to
assist with a diagnosis [17], [18]. The optical absorption of
blood is greatest with the 532 nm wavelength when compared
to the other wavelengths included in this study (e.g., 23.5
mm~! and 0.5 mm~! for 532 nm and 1064 nm, respectively).
Therefore, when the target is illuminated with 532 nm, the
elevated optical absorption at the target surface appears to
rapidly decrease the light fluence inside the target, resulting
in a strong photoacoustic signal from the target boundary and
a minimal signal inside the target (Fig. 2). As a result, target
vascularization characterization is not expected to be possible
when illuminating with 532 nm wavelength. However, when
utilizing 810 nm or 870 nm wavelength, the photoacoustic
images presented acceptable visualization inside the target
with most skin tones (Fig. 2).

V. CONCLUSIONS

This work is the first to perform multidomain photoacoustic
simulations using a realistic breast model with associated pho-
toacoustic image visualizations. Quantitative and qualitative
results demonstrate that skin is primarily responsible for the
acoustic clutter and degraded target contrast observed within
non-invasive photoacoustic images when utilizing multiple
optical wavelengths. With the consistent presence of clutter
across multiple wavelengths, it is unlikely that photoacoustic
image quality can be overcome by simply altering the op-
tical wavelength. Therefore, alternative system designs and
advanced technological efforts (e.g., nonlinear beamforming
and signal processing techniques) are necessary to reduce
the observed skin tone bias, establish equitable photoacoustic
imaging system designs, and define acceptable imaging pro-
tocols.
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