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Abstract—Clinical photoacoustic (PA) imaging systems com-
monly integrate illumination and detection into the same probe.
In this case, PA waves originating from light absorption by
melanin in the skin propagate into the tissue and are backscat-
tered to the transducer, which introduces acoustic clutter ar-
tifacts. In addition, skin absorption also decreases light fluence
within the imaging plane. Therefore, it is important to understand
how the amount of melanin in the epidermis impacts PA imaging
quality. Toward this goal, PA images of 10 volunteers with
different skin constitutive pigmentation were acquired with laser
wavelengths of 750 nm, 810 nm, and 870 nm. The radial
artery was adopted as the reference to calculate signal-to-noise
ratios (SNRs) in order to quantify the presence of clutter
artifacts in conventional amplitude-based PA images, as well as
the capability of reducing clutter by applying short-lag spatial
coherence (SLSC) beamforming. With conventional amplitude-
based beamforming, the mean SNR across the 10 volunteers
decreased from 38.9 dB to 33.7 dB with the decreasing epidermal
melanin content. However, the mean SNR improved by 4.2 dB
with SLSC PA images compared to conventional PA images.
Overall, SLSC beamforming successfully reduced the appearance
of clutter artifacts in PA images, resulting in better visualization
of the radial artery and improved image quality. These results are
promising to implement SLSC to both reduce acoustic clutter and
improve target visualization in photoacoustic images acquired
with light transmission through darker skin tones.

Index Terms—photoacoustic imaging, clutter artifact, melanin,
short-lag spatial coherence, skin pigmentation, image quality,
ultrasound

I. INTRODUCTION

Photoacoustic (PA) imaging using linear array transduc-
ers has traditionally adopted the reflection mode acquisition,
where optical fibers are attached to the ultrasound transducer
to illuminate the tissue [1], [2]. In this case, the illumination
beam first strikes the skin, which can be characterized by
high optical absorption coefficients in the visible and near-
infrared range, due to the melanin content in the epidermis
layer [3], [4]. This light absorption can considerably affect the
illumination efficiency, particularly for deep-located structures
in the imaging plane. In addition, the PA waves generated due
to light absorption at the skin surface can also be a source of
acoustic clutter artifacts [S]-[7].

In ultrasound imaging, the clutter artifact originates from
the interaction between the acoustic wave and the surrounding
media (reverberation and scattering) [8]. This artifact can have,
for example, a negative impact on several clinical ultrasound
imaging applications such as vascular [9], cardiac [10], ab-
dominal [11] and breast [12]. In the case of PA imaging, PA
waves generated by strong optical absorbers interact with the
surrounding media. The scattered waves that travel back to
the ultrasound transducer can be interpreted as PA signal, but
this “signal” is actually an artifact known as acoustic clutter.
This artifact increases the background signal level causing
misinterpretation of the real PA signals from absorbers within
the tissues, which deteriorates the signal-to-noise ratio (SNR),
contrast, and imaging depth [13]. Mantri ef al [6] verified
that skin pigmentation can affect PA-based oxygen saturation
estimation and Li et al [7] showed that the total blood volume
calculated for individuals with high melanin content needs to
be compensated. Therefore, it is important to understand how
the epidermal melanin content impacts PA images acquired
with light illuminating skin tissue.

The skin pigmentation of an individual is well correlated
with the epidermal melanin content [14]. A quantitative mea-
surement of skin pigmentation is the individual typology angle
(ITA®) [15]. According to ITA® values, the skin color can
be classified as very light, light, intermediate, tan, brown or
dark [15]. In this case, very light and dark skin color presents
lower and higher melanin content, respectively. Thus, PA
images from darker skin individuals are expected to be more
affected by clutter artifacts, in addition to suffering from lower
light fluence within the imaging plane. Both of these effects
compound to compromise the resulting PA image quality.

Previous studies have shown that the short-lag spatial co-
herence (SLSC) beamforming is capable of reducing clutter in
PA images and can improve image quality in low light fluence
and noisy environments [16]. SLSC computes the spatial
coherence between received signals at different transducer
elements separation M and sums across the M values to
generate the image [17]. Because clutter sources have low
spatial coherence, acoustic clutter artifacts that appear in
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TABLE I
VOLUNTEERS INFORMATION
Volunteer Age Weight  Height .
Numbor [yefrs] Ik ;f] [ nf] ITA®  Skin Color
1 26 85 1.80 46.44 Light
2 21 60 1.85 42.68 Light
3 30 77 1.76 32.41 Intermediate
4 30 77 1.74 29.18 Intermediate
5 29 84 1.76 19.73 Tan
6 30 69 1.78 12.39 Tan
7 23 86 1.85 -6.43 Brown
8 41 72 1.76 -6.53 Brown
9 40 100 1.70 -33.57 Dark
10 38 77 1.70 -53.74 Dark
TABLE II
SKIN COLOR CLASSIFICATION

Grading ITA Skin Color Category

I > 55° Very Light

I > 41°and < 55° Light

I > 28%and < 41° Intermediate

v > 10°and < 28° Tan

v < —30°and < 10° Brown

VI < =30° Dark

traditional PA images tend be mitigated in SLSC images due
to the lower SLSC pixel values [18]-[21]. This approach can
also be implemented in real time [22].

Therefore, in this study, PA data of the distal forearm from
individuals with different skin constitutive pigmentation levels
were acquired with optical wavelengths of 750 nm, 810 nm,
and 870 nm in order to understand the impact of the epidermal
melanin content on conventional amplitude-base PA images
as well as the capability of reducing various clutter artifacts
produced by different skin pigmentation levels after applying
SLSC beamforming.

II. MATERIALS AND METHODS
A. Volunteers

A total of 10 volunteers were included in this study. The
skin color of the volunteers was classified as follows: light (n
= 2), intermediate (n = 2), tan (n = 2), brown (n = 2) and
dark (n = 2) . Additional information about each volunteer is
summarized in Table I. These experiments were conducted
with approval from the USP Research Ethical Committee
(CAAE: 08860819.4.0000.5407).

B. Skin Color Classification

Prior to the acquisition of PA images, a depilatory cream
(Needs Depil Aloe Vera) was applied on the imaging region
in order to minimize the presence of hair at the skin’s surface.
Then, the L*a*b* values were measured using a colorimeter
(Delta Vista 450G) and the ITA® was calculated using (1) to
classify the volunteer skin color as described in Table II.

ITA® = tan ™! (L 1;5()) : (1? ) (1)

C. Imaging System

The PA system consisted of a Nd:YAG laser (Brilliant B,
Quantel Laser) coupled to an optical parametric oscillator
(OPO) (MagicPRISM, Opotek) and a trifurcated optical fiber
bundle (77536, Newport) attached to a linear array trans-
ducer (L14-5/38, Ultrasonix). The transducer was connected
to a commercial ultrasound machine (SonixOP, Ultrasonix)
with a parallel acquisition module (SonixDAQ, Ultrasonix).
Two beamformers were applied to reconstruct the images:
i) conventional amplitude-based, obtained using a single step
reconstruction technique based on the fast Fourier transform
(FFT) [23] and ii) coherence-based technique, obtained using
the SLSC beamforming [17]. The radial artery was adopted
as the reference to calculate SNR for both FFT PA and SLSC
images according to the following equation:

SNR =20 -logy, (S) [dB], )
o]

where s; is the mean signal from the radial artery and og is

the background standard deviation.

III. RESULTS AND DISCUSSION

Before the acquisition of PA data, B-mode images were
acquired to ensure the radial artery was located within the
imaging plane. Figure 1 shows an example of ultrasound B-
mode image (gray scale) overlaid by the color-encoded SLSC
PA image for Volunteer 1 (light skin color), obtained with a
laser wavelength of 870 nm.

Figure 2 shows the FFT and SLSC PA images for Volunteers
1 (light skin color) and 10 (dark skin color), acquired with
750 nm and 870 nm optical wavelengths. The radial artery
location is indicated by the green arrows. The PA signal
amplitude associated with the skin decreased as wavelength
increased for both volunteers, likely because the optical ab-
sorption coefficient of melanin is lower for higher wavelengths
in the near infrared region [3]. Minimal acoustic clutter is
present in the FFT PA images of Volunteer 1 (light skin
color) acquired with optical wavelengths of 750 nm and 870
nm. Therefore, the visualization of the radial artery was not
compromised. However, the clutter artifact was considerably
increased for the volunteer with darker skin color, particularly
when acquired with the 750 nm optical wavelength. In this
case, it is not possible to visualize the radial artery due to the
strong clutter artifact present in the conventional amplitude-
based PA image. For this volunteer, the clutter artifact level

Fig. 1. B-mode image (gray scale) overlaid by the color-encoded SLSC PA
image from volunteer 1. The green arrow indicates the radial artery position
on the image.
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Fig. 2. FFT and SLSC PA images for volunteers 1 and 10 (light and dark skin
color, respectively). Green arrows indicate radial artery position on images.

was lower for the image at 870 nm, but the reduced light
fluence still compromised the radial artery visualization in
the amplitude-based PA image. The SLSC images present an
important clutter artifact reduction, resulting in considerably
improved radial artery visualization. PA images of good visual
quality, for both light and dark skin color volunteers, were
achieved with 870 nm wavelength when SLSC beamforming
was employed.

Figure 3 illustrates the SNR improvement achieved with
SLSC compared to FFT PA images, by displaying the mean
SNR values calculated for the ten volunteers, grouped by skin
color category and wavelengths. As expected, images obtained
with 750 nm wavelength produced lower SNR values, given
that for this wavelength clutter artifacts are more prominent
and the light fluence within the imaging plane is lower due
to the high optical absorption coefficient of the epidermis. In
addition, the signal from the radial artery is expected to be
lower at 750 nm compared to 870 nm, due to the absorption
coefficient spectrum for oxygenated blood [3]. SNR consis-
tently decreased as skin color progressed to darker colors for
both FFT and SLSC PA images and for the three wavelengths
investigated. This trend is supported by darker skin containing
higher melanin content, which increases optical absorption
by the skin. For the three wavelengths and for each skin
pigmentation investigated, SNR was improved in the SLSC
images when compared to FFT PA images.

Figure 4 shows the mean SNR calculated from the SLSC
images for the ten volunteers, stratified by skin color cate-
gory and optical wavelengths. This result highlights the SNR
increase with increased optical wavelengths and the SNR
decrease with increased melanin content.
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Fig. 3. Mean SNR values calculated for the 10 volunteers when PA images
were created with amplitude-based FFT and SLSC, acquired with optical
wavelengths of A) 750 nm, B) 810 nm, and C) 870 nm.
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Fig. 4. Mean =+ one standard deviation of SNR measured in SLSC images
of the 10 volunteers, acquired with optical wavelengths of 750 nm, 8§10 nm,
and 870 nm.
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Fig. 5. Boxplots showing the SNR values obtained from the three wavelengths
investigated for the ten volunteers, stratified by skin category and FFT or
SLSC image formation methods.

To understand the impact of epidermal melanin content on
PA image quality, Figure 5 shows the distribution of SNR
values calculated from the ten volunteers distributed among
the various skin color categories for the three wavelengths
combined, offering a direct comparison of FFT and SLSC PA
results. Although both image formation techniques resulted in
lower SNR with greater melanin content, the SNR improve-
ment achieved with SLSC beamforming resulted in greater
SNR values even for dark skin colors, when compared with
the conventional amplitude-based FFT PA imaging approach.

IV. CONCLUSION

This work is the first to demonstrate improvements in signal
visibility achieved with SLSC beamforming applied to vari-
ous skin tones. In particular, SNR decreased with epidermal
melanin content and increased with optical wavelength for
both conventional amplitude-based and SLSC PA images. In
addition, clutter artifacts were identified as a critically re-
sponsible for the degraded quality of conventional amplitude-
based PA images acquired with an optical wavelength of 750
nm, particularly for subjects with darker skin tones. However,
SLSC beamforming successfully reduced the presence of inco-
herent acoustic clutter. Therefore, improved SNR was achieved
with SLSC beamforming when compared to conventional
amplitude-based PA imaging, resulting in better image quality
and improved visualization of the radial artery. Moreover, the
SLSC images of volunteers with the dark skin tone achieved
comparable SNR to that obtained with a combination of light
skin tone and conventional amplitude-based PA imaging.
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