
Influence of skin tone on target size detectability in
photoacoustic breast imaging

Rhea D. Rasquinhaa, Mardava R. Gubbib, and Muyinatu A. Lediju Bellb,c,d,e*

aDepartment of Biomedical Engineering, Brown University, Providence, RI
bDepartment of Electrical and Computer Engineering, Johns Hopkins University, Baltimore,

MD
cDepartment of Biomedical Engineering, Johns Hopkins University, Baltimore, MD

dDepartment of Computer Science, Johns Hopkins University, Baltimore, MD
eDepartment of Oncology, Johns Hopkins Medicine, Baltimore, MD

ABSTRACT

Photoacoustic imaging has the potential to improve non-invasive breast cancer diagnosis through the detection
of vascular structures. However, illumination through skin introduces a skin tone bias, as greater melanin content
increases optical absorption and can create acoustic clutter, reducing the visibility of various target sizes. The
impact of skin tone bias as a function of target size was investigated when implementing a fast Fourier transform
(FFT)-based reconstruction and short-lag spatial coherence (SLSC) beamforming. These two methods were
applied to channel data from multidomain simulations with two optical wavelengths (800 nm and 1064 nm),
three tan skin tones with individual typology angles (ITAs) ranging 12◦ to 26◦ to assess the impact on 11
spherical targets (with diameters ranging 0.5 mm to 3 mm), as well as one dark skin tone (ITA = -45°) and one
very light skin tone (ITA = 60°) to assess outcomes with two vessel structure targets. Each of the investigated
targets were embedded in a previously validated realistic 3D breast model. The signal-to-noise ratio (SNR) and
generalized contrast-to-noise ratio (gCNR) were measured to quantitatively assess target visibility. With 800 and
1064 nm wavelengths, targets underlying tan skin tones were difficult to visualize with FFT beamforming, with
mean SNR and gCNR ≤4.51 and ≤0.61, respectively. SLSC beamforming enabled visualization of simulated
target sizes ranging 1.25-3 mm, with mean SNR ≥3.47 and mean gCNR ≥0.57. These improvements translated
to improved visualization of simulated vessel structures derived from in vivo photoacoustic images with SLSC
beamforming (relative to the FFT reconstruction method). Results are promising to equitably advance next-
generation photoacoustic imaging systems for breast cancer diagnosis, considering multiple skin tones.
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1. INTRODUCTION

Photoacoustic imaging has the potential to improve non-invasive breast cancer diagnosis through the detection
of vascular structures. Photoacoustic imaging is based on the photoacoustic effect, by which optical energy is
converted to acoustic energy.1 Current clinical methods for breast cancer screening include x-ray mammography,
magnetic resonance imaging, and ultrasound imaging, but these are limited by decreased sensitivity in patients
with greater breast density, high cost, and high false positive rates, respectively.2–6 Photoacoustic imaging can
be used to generate high-resolution images, as the scattering of acoustic waves in tissue is significantly less
than that of optical waves.7 However, illumination through skin introduces a skin tone bias, as greater melanin
content increases optical absorption and can create acoustic clutter,8 reducing the visibility of various target
sizes. Fernandes et al.8 confirmed skin as the primary source of acoustic clutter.

Short-lag spatial coherence (SLSC) beamforming9 is an image reconstruction method previously shown to
mitigate a skin tone bias in photoacoustic imaging of the radial artery.10 The low spatial coherence of clutter
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sources enables the mitigation of clutter artifacts with SLSC beamforming,11–13 which improves photoacoustic
image quality in noisy environments with low optical fluence.10,14 Our recent journal paper demonstrates that
a 1064 nm transmit wavelength combined with SLSC beamforming enabled visualization of target sizes ranging
0.5-3 mm underlying skin tones ranging from very light to dark.15

To highlight this achievement, we focus this conference paper on the clutter reduction achieved with five
specific skin tones, representing ITA values of -45◦, 12◦, 20◦, 26◦, and 60◦. These ITA values correspond to the
Very Light (ITA = 60◦), Tan (ITA = 12◦, 20◦, 26◦), and Dark (ITA = -45◦) skin tone categories.16–18 Tan was
chosen as one example of a skin tone category that produces significant acoustic clutter with amplitude-based
methods, which can be mitigated with SLSC beamforming.10,15 The very light and dark skin tone ITA values
represent the maximum and minimum of the range of possible skin tones that were previously investigated.15

Multidomain simulations were performed with 11 representative target sizes, vessel simulation models designed
to mimic previously published features of interest,19 and two wavelengths that are currently used in clinical
systems (i.e., 800 nm19,20 and 1064 nm20–22).

2. METHODS

Eleven simulation volumes were constructed using a realistic 3D breast model23 immersed in water and one
spherical photoacoustic target per volume (diameter range: 0.5 mm to 3 mm, in 0.25 mm increments). In
addition, two simulation volumes were generated to incorporate splayed and claw vessel structures, which are
features of benign and malignant lesions, respectively.19 The center of each spherical target was placed 8.6 mm
from the skin surface in the axial direction of a simulated linear array transducer, which corresponded to 10 mm
from the top of the simulation volume. The positions of the vessel structures within the simulation volumes were
based on the reference in vivo photoacoustic images.19 The top of the splayed vessel was placed 5.5 mm from
the top of the simulation volume. The lateral center of the claw structure was placed 9.5 mm from the top of
the simulation volume.

Optical and acoustic simulations were implemented using MCXLAB24 and k-Wave,25 respectively. The
simulated light source was a Gaussian beam with a 4-mm waist radius emitting 108 photons. Simulations were
performed with two optical wavelengths (i.e., 800 nm and 1064 nm) and five skin tones (i.e., ITA = 12◦, 20◦, and
26◦ for spherical targets and ITA = -45◦ and 60◦ for vessel structures). Three ITA values corresponding to the
tan skin tone category were chosen for the spherical target simulations to produce examples for which significant
acoustic clutter exists with amplitude-based methods, which can be mitigated with SLSC beamforming.10,15

The ITA values corresponding to the very light and dark skin tone categories for the vessel structure simulations
provide comparative examples from the maximum and minimum of the range of possible skin tones that were
previously investigated.15 The initial pressure for the acoustic simulations was computed as Φ(r⃗) ·µa(r⃗) ·Γ, where
Φ(r⃗) is the light fluence map derived from the optical simulation, µa(r⃗) is the optical absorption coefficient map,
and Γ is the Grüneisen parameter, which was set to 1. A linear array ultrasound transducer defined with 128
elements, 0.3 mm pitch, and a 7 MHz center frequency was used to record the acoustic pressure. These parameters
were utilized to simulate an Ultrasonix L14-5/38 linear array transducer.26,27 Additive white Gaussian noise
corresponding to a 20 dB channel signal-to-noise ration (SNR) was added to the simulated channel data, as some
level of background noise is present in most experimental channel data.

Photoacoustic images were generated using amplitude-based beamforming with the fast Fourier transform
(FFT)-based reconstruction technique available in k-Wave25 and SLSC beamforming, according to the equa-
tions:9,14

R̂(m) =
1

N −m
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where N is the number of receiving elements in the simulated ultrasound transducer, si(n) is the zero-mean
time-delayed signal received by the ith transducer element at a depth of n samples, n1 to n2 is the size of the
correlation kernel, and R̂(m) is the normalized spatial correlation between si(n) and si+m(n) for a given spatial
lag (defined in terms of element separation) m. To calculate the displayed and analyzed SLSC images, tunable
parameters were fixed (e.g., M = 10, axial correlation kernel length equal to one acoustic wavelength), and
each photoacoustic image was normalized to its brightest pixel. SNR and generalized contrast-to-noise ratio
(gCNR)28–30 were measured to quantitatively assess target visibility.

3. RESULTS AND DISCUSSION

Figure 1 shows representative examples of simulated photoacoustic images generated using 800 nm wavelength
and FFT and SLSC beamforming, underlying a tan skin tone (ITA = 20◦). The ground truth images of the
simulation volumes are shown above the images for comparison. With FFT beamforming, target sizes ranging
0.5 mm to 3 mm are difficult to visualize due to the presence of acoustic clutter. The simulated targets are
better visualized with SLSC beamforming.

Figure 2 shows the mean ± one standard deviation of SNR and gCNR values as functions of target size per
wavelength, per beamforming method. SLSC beamforming generally provided mean SNR ≤8.28 and mean gCNR
≤0.99 with the 800 nm wavelength, with mean SNR ≤8.53 and mean gCNR ≤1 with the 1064 nm wavelength.
These values are improved over the mean SNR and gCNR achieved with FFT reconstruction (i.e., mean SNR
≤4.51 and mean gCNR ≤0.47, respectively, with the 800 nm wavelength and mean SNR ≤3.61 and mean gCNR
≤0.61, respectively, with the 1064 nm wavelength). In addition, the greatest improvements in SNR and gCNR
values with SLSC beamforming generally occurred with the 1.25-3 mm targets, with corresponding mean SNR
≥3.47 and mean gCNR ≥0.57.

Figure 3 shows FFT and SLSC photoacoustic images of the simulated splayed vessel and claw structures
imaged through very light and dark skin tones with 800 nm and 1064 nm wavelengths. With FFT reconstruction,
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Figure 1. Ground truth images of the simulation volumes, along with photoacoustic images created with 800 nm
wavelength, a tan skin tone (ITA = 20◦), and FFT and SLSC beamforming.
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Figure 2. Mean ± one standard deviation of the SNR and gCNR of photoacoustic images created with 800 nm and 1064
nm wavelengths and FFT and SLSC beamforming underlying tan skin tones, displayed as functions of target size.
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(a) (b)

Figure 3. FFT and SLSC photoacoustic images of a (a) splayed vessel and (b) claw structure for very light (ITA=60◦)
and dark (ITA=-45◦) skin tones, visualized with 800 nm and 1064 nm wavelengths. The green arrows indicate vessel
components with diameters ≤0.5 mm. The blue arrows indicate vessel components that cannot be visualized in the
corresponding FFT images.

the distal vessel of the splayed vessel (0.5-0.75 mm diameter) and the branching vessels in the claw (diameter ≤0.4
mm) are difficult to visualize. However, the blue arrows highlight better visualization of the 0.75 mm-diameter
segment of the distal vessel and partial visualization of the branching vessels with SLSC beamforming. For the
dark skin tone, the vessel structures can only be visualized with 1064 nm wavelength and SLSC beamforming,
for which visualization is comparable to the very light skin tone.

Overall, the SLSC beamformer offers improved target visualization of 0.5-3 mm targets and vessel structures,
relative to amplitude-based FFT beamforming results obtained with an 800 nm wavelength. In particular, the
clutter present in the FFT images created with tan skin tones is both quantitatively and qualitatively reduced
with SLSC beamforming (see Figs. 1 and 2, respectively). It is similarly promising that SLSC beamforming
reduced acoustic clutter and increased the visibility of structures underlying very light and dark skin tones with
both the 800 nm and 1064 nm wavelengths (Fig. 3). Based on our recent journal paper,15 similar results are
expected for a wider range of skin tones.

4. CONCLUSION

This paper provides direct qualitative and quantitative comparisons of the influence of skin tone on target
visibility and detectability, with a focus on very light, tan, and dark skin tones. The SLSC beamformer reduced
clutter and improved SNR and gCNR values over FFT beamforming with 800 nm wavelength and tan skin
tones. SLSC images of two vessel structures underlying dark skin tones imaged with 1064 nm wavelength were
comparable to those of the lightest skin tones imaged with 800 nm and 1064 nm wavelengths. Therefore, SLSC
beamforming is a promising approach to address challenges with photoacoustic target visibility when developing
technology for patient populations consisting of a range of different skin tones.
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