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Abstract

Significance
Three-dimensional photoacoustic imaging (PAM) has emerged as a promising technique for

non-invasive label-free visualization and characterization of biological tissues with high spa-
tial resolution and functional contrast.

Aim
The application of PAM and ultrasound as a microscopy technique of study for Atlantic
salmon skin is presented here.

Approach

A custom ultrasound and photoacoustic experimental setup was used for conducting this
experiment with a sample preparation method where the salmon skin is embedded in aga-
rose and lifted from the bottom of the petridish.

Results

The results of C-scan, B-scan, and overlayed images of ultrasound and photoacoustic are
presented. The results are then analyzed for understanding the pigment map and its relation
to salmon behavior to external stimuli. The photoacoustic images are compared with the
optical images and analyzed further. A custom colormap and alpha map is designed and the
matrices responsible for PAM and ultrasound are inserted together to overlay the ultrasound
image and PAM image on top of each other.

Conclusions

In this study, we propose an approach that combines scanning acoustic microscopy (SAM)
images with PAM images for providing a comprehensive understanding of the salmon skin
tissue. Overlaying acoustic and photoacoustic images enabled unique visualization of tissue
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Author summary

Atlantic Salmon is of great importance in Norway for its economic and environmental
significance. In this study, Atlantic salmon skin is studied with the aid of ultrasound and
photoacoustic microscopy technique. This technique offers several advantages over other
microscopy techniques by providing structural, morphological and functional informa-
tion in detail. We present an overlayed representation of ultrasound and photoacoustic
images over each other in three- dimensions. PAM could non-invasively access the multi-
layered morphological skin structure of salmon fish, allowing for high resolution imaging
and analysis without the requirement for labeling. We demonstrated that, when compared
to standard optical detection approaches, a visualization strategy based on overlaying fish
skin images obtained using SAM and PAM provides a more in-depth view. This method
of visualization provides insight into the distribution, variation, and composition of colors
inside the live salmon skin without requiring any tissue processing or fixing.

1 Introduction

Photoacoustic Microscopy (PAM) is a biomedical imaging modality that detects ultrasound
signals generated via optical excitation called the photoacoustic effect [1]enabling deep tissue
label-free imaging. PAM is a hybrid imaging modality combining optical excitation and ultra-
sonic detection allowing a better resolution than traditional ultrasound imaging and achieving
deeper penetration depth than purely optical imaging [2]. PAM can generate multi-contrast
three-dimensional images ranging from single cells to organoid culture [3]. The abilities of
PAM have recently been demonstrated in many applications, including the in-vivo acquisition
of valuable anatomical, molecular, functional, and flow dynamic information, towards the elu-
cidation of fundamental mechanisms such as cancer formation and growth [4], the high-reso-
lution monitoring of drug delivery processes [5], as well as the detailed imaging of ocular
structures through specialized PAM ophthalmoscopes [6-8].

Traditional imaging methods, such as histology and microscopy, have provided essential
information about fish skin anatomy. However, these methods often require invasive proce-
dures, necessitating sample collection, sectioning and potentially disturbing the natural state
of the specimen. This is where ultrasound and photoacoustic imaging come to the forefront,
offering non-destructive and three-dimensional visualization capabilities. PAM has been
applied to many preclinical and clinical skin studies [8-11], for example, Zebrafish have been
explored much with PAM and ultrasound earlier. [12]. Photoacoustic tomography has been
utilized for high-resolution imaging of zebrafish [13,14]. The whole-body imaging of the zeb-
rafish using multispectral photoacoustic techniques has been performed [15]. Three-dimen-
sional multispectral imaging of human skin have been done for quantifying melanin and
blood oxygenation [16]. The randomly non-homogeneous distribution of blood, chromo-
phores and pigments in the skin produces variations in the average optical properties of skin
layers.

Despite the evolutionary divergence between aquatic and terrestrial vertebrates, there are
similarities in the structural and functional aspects of their integumentary systems. The salmon
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skin and human skin both have multi- layered structure consisting of epidermis (outer layer)
and dermis (inner layer) [17]. In both cases, the epidermis acts as a protective barrier against
external threats, while the dermis provides structural support and contains blood vessels,
nerves, and other components [18]. These layers work together to provide protection, regulate
body temperature, and perform other vital functions. The primary function of skin are quite
similar in both the cases, it serves as a protection layer for any physical damage, pathogens,
protection against UV radiation, sensation, and regulation of temperature and moisture levels.
Fish and humans share similar mechanisms of wound healing, including inflammation and
tissue repair [19]. Furthermore, fish skin and human skin harbor a diverse array of pigment
cells, known as chromatophores and melanocytes, respectively, which contribute to camou-
flage, UV protection, and color patterning. Pigmentation in both salmon and human skin is
controlled by the distribution and production of pigments like melanin. Salmon can display a
range of colors, from silvery-blue to deep red, due to the presence and arrangement of pig-
ment-containing cells called chromatophores, similar to the melanocytes in human skin. [20].
On the other hand, there are dissimilarities such as salmon skin contains scale while this is
absent in human skin.”

In the context of salmon skin, ultrasound and photoacoustic imaging presents an opportu-
nity to explore its intricate layers, detect potential abnormalities, and monitor changes over
time. These techniques can aid in assessing the impact of environmental factors, diseases, and
stressors on the skin structure and function. Non-invasive, real-time imaging capabilities can
contribute a deeper understanding of salmon skin morphology and its responses to various sti-
muli. Salmonid species, such as Atlantic and Pacific salmon, hold immense ecological and eco-
nomic significance. Their unique life cycle, transitioning from freshwater to marine
environments, places diverse physiological demands on their bodies, particularly their skin.
The skin serves not only as a protective barrier against the external environment but also plays
a crucial role in osmoregulation, local immune response, and sensory perception. Conse-
quently, investigating the structural and functional aspects of salmon skin can offer valuable
insights into their health, behavior, and overall well-being. Fish skin presents a complex het-
erogeneous medium where blood and pigment content is spatially distributed variably in
depth [21]. Fish skin are composed of epidermis layer, dermis layer, and individual scales that
form a textured surface [22]. Salmon skin contains a pigment called melanophores, xantho-
phores, and iridophores based on the skin location [23], and has an important role in social
interaction, prey capture, and predator avoidance, all of which are crucial to their survival
[24]. Morphological color changes in the skin occur due to variations in pigment concentra-
tions and in the morphology, density, and distribution of chromatophores in three dimensions
inside the skin [25]. PAM can image cells in 3-D which gives good spatial visualization and dis-
plays information with much accuracy. This can be proposed to detect diseases and infections,
tumors and quality assessments by evaluating the thickness and texture of the skin. Fish skin
can also act as a sensitive indicator of environmental change, where ultrasound and PAM can
be used to access and monitor the changes in skin of fish population with shifts in the water
quality, temperature, salinity and pollution. As these techniques are label-free, they takes
advantage of the intrinsic optical absorption properties of endogenous chromophores [26] and
difference in acoustic impedance for generation of contrast respectively.

Herein, we present label-free acoustic and photoacoustic imaging of salmon skin. To the
best of our knowledge, this is the first demonstration of ultrasound and PAM as a method for
the analysis of salmon skin in three-dimensions. Through a detailed analysis of the acquired
images, this study seeks to elucidate the advantages and potential applications of this combined
imaging technique. In the present study, PAM and ultrasound images are combined to visual-
ize the three-dimensional (3D) structure of fish skin and its association with tissue structures
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in the skin layers. By overlaying the scanning acoustic image on top of the photoacoustic
image, a more comprehensive and holistic view of salmon skin can be achieved. This visualiza-
tion can help in identifying changes in the morphology, structure, or functional changes in the
salmon skin resulting due to any infection or other parameters. In addition, PAM can be
instrumental in the quantification of changes in multilayered morphology and endogenous
components of fish skin.

2 Methods
2.1. (Ethics Statement)

The experiments were performed in compliance with the guidelines on animal research and
approved by the Norwegian Food Safety Authority (FOTS ID28060), (Ethical committee- Ole
Aamodt and Gunvor Knudsen (Case manager)).

2.2. (Sample preparation)

Fishes were kept and maintained in the Aquaculture Research Station, Karvika, Tromse. Fish
skin near the middle of the dorsal fin was taken out using a sharp scalpel having an average
weight of 175 + 15 g. Removal of the muscle from the skin was done rendering a thin skin sam-
ple. The thickness of different fish skins varied from around 1.3 mm to 1.5 mm. A thin poly-
amide film of thickness 124 um was pasted on the petridish to lift the sample, (Ibidi, 50mm,
low) with a small hole of around 6 mm in it as shown in Fig 1(A), 1(B) and 1(C).

The optical properties of agarose such as the refractive index of agarose is close to water as
agarose is a hydrogel containing a high percentage of water. At a concentration of 1%, agarose
gels exhibit good optical transparency, allowing light to pass through with minimal scattering
or absorption. The agarose has optical refractive index around (1.34-1.36) depending on the
concentration and temperature which is also close to water (1.33) [27].

The speed of sound in agarose gel depends on the concentration of agarose and the temper-
ature. Generally, the speed of sound in agarose gel is slightly higher than in water. For example,

Agarose filled inside hole

. - Fish skin on top of Fish skin covered with
‘i idish Polyamide thin film
Ibidi Petridish witr] e, agarose filled hole agarose from the top
(a) (b) (c) (d)

Cover glass skin sample (outher side facing downward)

v\

X

petri dish spacer agarose

(e)

Fig 1. A cross sectional view of the petridish with the fish skin sample.
https://doi.org/10.1371/journal.pcbi.1011709.g001
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in 1% agarose gel which has been used in our case, at 20°C, the speed of sound is in the range of
1500-1550 m/s, which is higher than in water [28]. The acoustic impedance of water at 20°C is
approximately 1.48 x 1076 kg/(m”s). The acoustic impedance of agarose gel is generally higher
than that of water due to its higher density. For a 1% agarose gel at 20°C, the acoustic impedance is
around 1.58 x 1076 kg/(m®s), which is higher than that of water [29]. The higher acoustic imped-
ance of agarose gel compared to water can lead to stronger reflections at the interface between the
two materials, potentially reducing the transmission of photoacoustic or ultrasound signals.

The ultra-low temperature agarose (Sigma-Aldrich) was prepared by putting 0.15 grams in
10 mL of distilled water and heating it with a magnetic stirrer to its melting temperature. The
agarose was cooled for some time before it was poured on the skin sample. A small drop of
agarose was poured into the circular hole and then left to solidify. The thin skin sample was
then kept on a cover glass and 1.5% of agarose was poured onto the skin sample. The cover
glass having the skin sample as shown in Fig 1(D) covered with liquid agarose was put on the
petridish and pressed slightly. Later, the glass cover was taken out gently and an embedded
fish skin sample sandwiched between two agarose layers was formed. The petridish skin sam-
ple was poured with deionized water for better acoustic coupling. The sample was preserved in
an incubation chamber at 4° C before imaging The fish skin samples were further processed
and imaged the same day or the next day. Fig 1(E) shows the cross-section view of the petridish
having the polyamide film with a hole and the salmon skin on top of it and Fig 1(F) illustrates
the optical image of the skin sample.

2.3. (Experimental setup)

In order to investigate the photoacoustic response from the fish skin, an experimental setup
was designed around an inverted microscope (Leica DMi8) in transmission mode with addi-
tional optical and acoustic components as shown in Fig 2(A). A high-precision scanning stage
(AST MS-2000) was used on the microscope to utilize photoacoustic images of the fish skin
samples using mechanical raster scanning. A customized LabVIEW program implemented the
control of stages. This program also assured synchronization with the optical and acoustic
components, ensuring the needed communication and data transfer with the time-critical dig-
itizing implemented in FPGA hardware from National Instruments. An optical camera was
also used in wide-field reflection mode to provide optical images of the investigated samples
with 4X magnification for a large field of view for better overlapping of PAM images.

The entire set-up was built on an optical table to minimize the effects of mechanical vibra-
tions. The sample was irradiated with 532 nm, Q-switched, mode-locked pulsed laser (Elfor-
light SPOT-20-200-532) that yields pulses with widths down to 1.6 ns, repetition rates up to 10
kHz, and energies up to 20 pJ. An optical isolator was placed immediately after the laser to
avoid unwanted back reflection into the laser cavity and allow one-way transmission of laser
light. The laser pulse was also spatially filtered using a 50-um diameter pinhole to reduce dif-
ferent aberrations, and unwanted spatial variations and create a uniform Gaussian intensity
distribution. After filtering, the beam was brought into the inverted microscope through an
infinity port and focussed by a Leica objective lens (depth of field: 10pm, magnification- 10X).
The theoretical lateral resolution for the system could be determined using the formula given
in Eq (1) where The objective lens used in the experiment had a numerical aperture (NA) of
0.3, wavelength (1) 532 nm [30].

A
Lateral Resolution = 0.51% NA = 0.904 um. (1)

The acoustic parts of the setup, includes a focused ultrasound transducer (Olympus, Serial
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Scanning Stag Petridish
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Distilled water
Ultrasound wave

Agarose

Photo-acoustic wave

Scanning Stage
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Z.

Objective lens (c)

(b)

Fig 2. (a) A simplified PAM experimental setup. OI: Optical isolator, BS: Beam splitter, ND filter: Neutral density
filter, PD: Photodiode, OL: Objective lens. TL: Tube lens. (b) The schematic view of the PAM setup (c) A simplified
experimental setup for SAM.

https://doi.org/10.1371/journal.pcbi.1011709.9002

number- 200637)) with specified centre frequency (40 MHz) and f-number (2). In the ultra-
sound imaging as shown in 2(c) the transducer sends the ultrasound beam and receives the
reflected acoustic waves while in PAM it acted only as a receiver for the photoacoustic waves.
The transducer is then mechanically raster scanned over the surface of the sample. As it
moves, it emits ultrasonic waves into the material. The sample inside the petridish was placed
on the scanning platform with distilled water to lower the attenuation for acoustic waves and
better acoustic coupling with transducer in focus. The theoretical axial resolution of our PAM
system can be calculated using the formula given in Eq (2) where The velocity of sound in
water is approximately Vs = 1500 m/s, the bandwidth (f) of the ultrasonic transducer is 40
MHz. [30]

\%
Axial Resolution = 0.88+ TS = 33 um. (2)

The ultrasound transducer and the laser were coaxially and confocally aligned before imag-
ing for high sensitivity and to obtain overlapping of the optical and acoustic focus.as illustrated
in Fig 2(B). Subsequently, the acoustic signal from the transducer were amplified and low-pass
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Photoacoustic image showing the boundary.

https://doi.org/10.1371/journal.pchi.1011709.9g003

filtered with a customized pre-amplifier, and then digitized with and a high-speed 12-bit dig-
itizer (NI-5772) to obtain good signal integrity. The acoustic waves were detected 32 times and
averaged to reduce noise in each measurement. The laser fluence was kept as 0.00295 mJ/cm>.
which is within the limit of ANSI standards [31].

The experimental measurement of the lateral resolution was done using an edge sharped
structure with a clear non absorbing and absorbing layer with a transition at the edge. The
photoacoustic signal profile was analyzed across a sharp edge or boundary within the imaged
sample and fitted to an appropriate edge function to the measured data as shown in Fig 3(A).
In our case, This was fitted with a gauss error function in MATLAB. From the fitted error
function, the characteristic width or spread parameter that describes the transition region
across the edge was determined. This parameter is typically denoted as o (sigma) for the
Gaussian error function. The lateral resolution is defined as the full width at half maximum
(FWHM), which is related to 6 by FWHM = 2.3550. The obtained sigma value ranges from
4.25 to 4.4. The lateral resolution for our system is 9-10 um. Fig 3(B) shows the image of the
edge while Fig 3(C) shows the image with edge detection mechanism.

The axial resolution in photoacoustic imaging is typically related to the temporal character-
istics of the detected photoacoustic signal. Specifically, the axial resolution is determined by
the width of the photoacoustic wave packet propagating in the direction perpendicular to the
imaging plane. The full width at half-maximum (FWHM) of the Hilbert transform of the
photoacoustic signal can be used to estimate the axial resolution of the photoacoustic imaging
system, as it is directly related to the width of the photoacoustic wave packet in the axial direc-
tion. The experimental axial resolution was found out to be 33-35 pm.

3. Results and discussions

The experimental data stored in the H5 (Hierarchical Data Format) format was analyzed using
a customized software program in MATLAB R2021a. The acoustic signals were sampled at a
sampling frequency at 400 MHz. The bias value for the signal was subtracted for calibration.
The trigger value for the SAM and PAM signals were adjusted accordingly in time in order to
make them equal size. This was done because time taken by the acoustic waves to reach the
transducer is almost twice to that of photoacoustic signals. A selected window was chosen such
that the signal coming from the fish skin is taken out and the noisy part is removed. A specific
customized colormap was chosen for the overlayed image. Customized colormaps enable the
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assignment of various color schemes or gradients to each modality, allowing for easy separa-
tion between SAM and PAM information within the overlay image. We present an overlay of
the SAM and PAM images, with each modality represented by a custom colormap. For exam-
ple, in the image 5-6(a) and (b), the PAM is represented by hot, and SAM is represented by
grayscale. For the SAM image, a customized colormap is designed to represent the ultrasound
data using shades of a specific color. This colormap can be tailored to highlight specific fea-
tures or intensities within the SAM data, helping to emphasize areas of interest or reveal struc-
tural details.

One of the key advantages of colormaps is their ability to enhance the visual representation
of data. By assigning distinct colors to different data ranges or levels, colormaps make it easier
to distinguish patterns, contrasts, and features that might be difficult to discern from a gray-
scale intensity map. This visual encoding assists in highlighting subtle variations and gradients
within the data, providing a more comprehensive and accurate interpretation. A direct inten-
sity projection map provides only a 2D representation of the combined data, the use of cus-
tomized colormaps can convey additional information by encoding different modalities or
properties into different color channels. This effectively adds an extra dimension to the visuali-
zation, allowing for a more comprehensive representation of the multimodal data. In contrast,
a direct intensity projection map with an envelope provides a more straightforward represen-
tation of the data, displaying variations in intensity or brightness.

This was done by creating a customized matrix for colormap where first half part the matrix
was allotted with gray colormap, and the other half was assigned with inverted colormap. The
values were interpolated using the piece wise function, which generates a linear gradient. This
function constructs a cubic Hermite spline with continuous first derivatives and chooses the
coefficients to ensure that the curve passes through the given reference points, this method
generates a custom colormap that gradually changes from one colormap to another using the
interpolation values. The interpolated function was made to monotonically increase between
the breakpoints. This can be useful for visualizing data with varying intensity levels. A custom-
ized alpha map which controls the transparency of the image was also chosen using piecewise
cubic Hermite polynomial interpolation analogous to colormap. Unlike some other interpola-
tion methods, cubic Hermite interpolation considers both the function’s values at data points
and its derivatives at those points, allowing for a more flexible and accurate interpolation. This
technique is especially useful when you have data points with associated values and derivatives
(or slopes) at those points. The goal is to construct a smooth curve that passes through the
given data points while maintaining continuity in both function values and derivatives. The
three-dimensional matrices responsible for the SAM and PAM data were made equal in size
then combined by multiplication. This is because the acoustic signal in z-direction were made
equal from the trigger position. The starting point of PAM data relative to SAM data, consider-
ing trigger positions was adjusted. Absolute time vectors for SAM and PAM were adjusted by
a trigger delay. In order to make both the signals equal, the time vector responsible for photoa-
coustic signal was halved. This is because the acoustic signal takes twice the time as photoa-
coustic signal. In this way, the matrices responsible for SAM and PAM were made equal in size
temporally and spatially.

The specific colormaps and alpha values can be adjusted to achieve the desired visual repre-
sentation of the data, allowing for a combination of color and transparency in the visualization
with varying levels of opacity.

Fig 4(A) shows the C-scan image obtained by maximum amplitude projection, a visualiza-
tion technique which is used to display the maximum amplitude or intensity values obtained
from the photoacoustic signals generated where the pixel value at each point in the image cor-
responds to the maximum amplitude (or intensity) of the signal within a given depth or
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Fig 4. (a)C-scan for PAM (b)B-scan for PAM, Hot colormap is chosen for PAM representation (c) C-scan for SAM
(d) B-scan for SAM, gray colormap is chosen for SAM representation. The yellow line in B-scan indicates the region
for which C-scan has been shown. The size of the C-scan images is 4mm™*3mm and the pixel size is 10 pm.

https://doi.org/10.1371/journal.pcbi.1011709.9004

thickness of tissue. The layer responsible for the absorption for PAM image generation in

Fig 4(B) is thinner while in the case of ultrasound image Fig 4(D) it is much thicker, so there
are reflections coming from bottom of the petridish in case of SAM image. Fig 4(C) reveals the
maximum projection image for SAM where the structural morphology of the skin surface can
be observed. Fig 4(C) provides a representation of the acoustic mismatch between different tis-
sues. In the SAM image, the mechanical and the elastic property of the tissue plays a significant
role for generating the image contrast. The PAM image represents the initial pressure distribu-
tion produced by the deposition of optical energy thus making the contrast based on absorp-
tion. The mean ratio of the photoacoustic amplitudes between the optical absorbers and the
background is approximately 14:1, which demonstrates a high endogenous optical-absorp-
tion-based contrast. It can be observed that the scattering is also coming from the deeper parts
of the skin unlike PAM. It can be observed that a greater tissue differentiation and specificity is
possible with PAM image than SAM image. It is because the difference in absorption between
tissues can be much larger than the difference in the acoustic impedance. From the Fig 4(B)
and 4(D) it can be observed that the scattering is coming from the top layer of the skin or close
to the skin surface and then slightly weaker signal from the bottom of the petridish. The sam-
ple preparation was done in such a manner that we can differentiate the signal coming from
the top and bottom.

The major optical absorbers in the visible spectral range for salmon skin tissue include
carotenoids such as melanin [32]. the primary optical function of melanin is absorption, and
that Rayleigh scattering in melanin is negligible [33]. Changes in color, or total loss of color,
notifies that there has been a decomposition or structural modification of the carotenoid. This,
in turn, can be related to the camouflage, response to external stimuli and communication
among individual fishes [34].The intensity of the color provides the basis for a quantitative
determination of carotenoids. Consequently, PAM can act as a sensitive detector for the

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1011709  October 22, 2024 9/17


https://doi.org/10.1371/journal.pcbi.1011709.g004
https://doi.org/10.1371/journal.pcbi.1011709

PLOS COMPUTATIONAL BIOLOGY 3-D visualization of Atlantic salmon skin

pigments with high contrast and specificity, is suitable for imaging the volumetric morphology
of subcutaneous microvasculature in vivo. Photoacoustic imaging gives a time series to be ana-
lyzed together with time series corresponding to every pixel, which makes it advantageous
over any other purely optical imaging modality. In this paper, we have presented two datasets
for two different healthy salmon samples. We have taken several measurements for consistency
out of which we are representing the best results. Figs 5(C) and 6(C) shows the ultrasound sig-
nals and 5(c) and 6(c) below demonstrates the PA signal coming from the salmon skin. “In the
Figs 5(B) SAM and 6(C) PAM signals are represented respectively. This representation is done
after taking the Hilbert transform of the signal which gives an envelope of the signal. The shad-
owed part reveals the window of signal responsible for the image in both (b) and (c). In the 4
(b) we can see the two signals where the first one is corresponding to the signal from fish skin
while the second signal is due to the strong reflection coming from the bottom of the petridish.
In the 4(c), the first signal is the photoacoustic signal coming from the salmon skin sample
while the second one is a weak reflection from the bottom of the petridish.”

These signals are also shown for the same fish sample from the same area and the pixel gen-
erating the maximum signal is shown. The shaded grey area of the signals in Figs 5(C), 5(D), 6
(C) and 6(D) shows the signals taken out for generating the overlayed image. Using the pulse-
echo ultrasound method, the speed of the sound inside the salmon skin was calculated at
around 1550 m/s for the thickness of the salmon skin as 1.3 mm. From the time series in the
first PA signal has a peak coming from the top mainly and then the next signal is coming from
the petridish. In the case of the SAM signal, apart from the signals from the top of the skin and
the bottom of the petridish, the attenuated scattering also comes from the middle sections
which consists of scales and a part of muscles too. Figs 5(E) and 6(E) shows the volume histo-
gram of the signal showing the frequency distribution of values within the signal dataset. The
larger peak likely corresponds to the ultrasound matrix data from the salmon skin tissue.
Ultrasound is generally good at visualizing structural details and boundaries within biological
tissues like fish skin. The smaller secondary peak represents the photoacoustic matrix data.
Photoacoustics can provide functional information by detecting optical absorption contrasts,
which could be related to the presence of specific chromophores or pigments in the salmon
skin. The bimodal nature arises because ultrasound and photoacoustic signals have different
physical origins—acoustic waves versus optical absorption and thermoelastic expansion,
respectively. Hence, their value distributions are distinct but complementary.

We show data from two different salmon skin sample in this article for demonstrating the con-
sistency of our results. In the Figs 6(A) and 7(A), we can see the pigment patterns present on the
salmon skin surface and beneath the surface. In the image we can see individual fish cells and the
cluster of cells. Overlaying the images on top of each other allows for a direct comparison and cor-
relation of features observed in both modalities. It can be analyzed that there are scales present
beneath the skin which can contribute to the scattering. The pigment cells seem to follow the
scale-tissue curvatures quite closely and the distribution of pigment is non-uniform. The optical
absorption of the salmon skin has a significant impact on the photoacoustic signal’s amplitude. In
SAM, there are many scatterers of different sizes coming from a thick layer leading corresponding
to different signals while in PAM, the signals are mainly corresponding to the top or close to top
layer of the skin since the primary chromophores responsible for light absorption would be the
pigments present in the top layer of the skin or close to the top layer.

Fig 7 shows a fish skin with slightly high thickness and pigment distribution which is non-
uniform and scattered. The purpose of showing the dataset (3) is to present a case of fish
where the pigments are less than other datasets. Based on three datasets, we see different pig-
ment patterns in three different salmon fish. This is an indication that fish skin pigments vary
based on several external factors and are different.
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Fig 5. (a) side view of SAM & PAM overlayed image from dataset] having dimensions (4dmm*3mm) (b) angular view
representation of the overlayed image(c) The SAM signal where the white shadowed part shows the signal responsible for the image.
(d) The PAM signal where the white shadowed part shows the signal responsible for the image and the amplitude (Arbitrary units)
(e) Volume histogram of the signal where the bins are from 0 to 256.

https://doi.org/10.1371/journal.pcbi.1011709.9005

The PAM data seems to be strongly correlated with optical images of the skin as can be seen
in Fig 8(A) and 8(C). However, PAM typically includes more spots/features which are not visi-
ble in the optical images as shown in the Figure. This is due to scatterers present not only on
the surface but throughout the volume of the skin as shown in Fig 8(B). It also shows that the
skin is a bit tilted, and the scatterers are highly dense. It can be evidently observed that the pig-
ments are not only present on the skin surface but also present beneath the skin. Here, we can
see that photoacoustic image has an advantage over optical images as it can provide us to see
features at much deeper level than just surface imaging with optical imaging.

The presented histograms in Fig 9(A) and 9(B) shows a typical amplitude distribution for
the received PAM and SAM signals. Both the PAM and SAM histograms show that voxels pro-
ducing small signal amplitudes are occurring most frequently. For PAM it is believed that indi-
vidual pigment cell having typical sizes between 10 to 100 um [35](depending on which part of
the fish it is taken from) can be resolved in the lateral direction due to a significant smaller
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laser width (around 5 pm in our case). It is therefore believed that the smallest and most likely
PAM scatters occur from voxels contain only one pigment cell. Larger PAM amplitudes will
occur from having several pigment cells within the voxel volume, or from single cells yielding
higher absorption. However, since the PAM histogram does not show any statistically signifi-
cant peaks at some scatter strength as would be expected for pigments in clusters or patterns, it
suggests a rather homogonous pigment distribution. The histogram for the SAM amplitudes
shows a statistical significant peak at a specific amplitude. This peak is believed to be due to the
binary scattering properties of the fish skin, with fish scales yielding a quite high acoustic
impedance and the surround tissue having a much lower impedance.

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1011709  October 22, 2024 12/17


https://doi.org/10.1371/journal.pcbi.1011709.g006
https://doi.org/10.1371/journal.pcbi.1011709

PLOS COMPUTATIONAL BIOLOGY 3-D visualization of Atlantic salmon skin

(b)

Fig 7. (a) side view of SAM & PAM overlayed image from dataset3 which has scattered pigments having dimensions
(4mm™*3mm) (b) angular view representation of the overlayed image.

https://doi.org/10.1371/journal.pcbi.1011709.9007

The overall shape of the histogram, with a tall primary peak and a few smaller secondary
peaks, indicates a relatively heterogeneous tissue structure within the salmon skin. The varia-
tions in voltage amplitudes correspond to differences in acoustic impedance and absorptions
differences across different tissues in SAM and PAM respectively. It can be observed clearly
that the small scatterers are present in larger amount, the big scatterers are small in quantity
both in SAM and PAM images. A minimum threshold is defined and above which all the

(a) PAM image (b) Three-dimensional representation (c) Optical image
of voxels shown in rectangle
Fig 8. (a) PAM image(4mm™*3mm) showing the optical absorption map. (b) A rectangle showing the area taken for

three-dimensional voxel representation in (c) The optical image of the same region (The optical image was taken with
4X lens for high field of view and better overlapping).

https://doi.org/10.1371/journal.pcbi.1011709.g008
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voxels are counted and summed up. that exceed a certain voltage threshold and compute the
average value of these voxels relative to the total number of voxels. By looking at the percentage
of voxels contributing to the signal, it was found that for PAM contributed to 0.069%, SAM
contributed to 0.22%.

In summary, this study presents a comprehensive investigation into the application of 3D
acoustic and photoacoustic microscopy for the analysis of salmon skin. PAM could non-inva-
sively access the multilayered morphological skin structure of salmon fish for high resolution
imaging and analysis without the need of labels. We have shown that compared with conven-
tional optical detection methods, an approach of representation by overlaying the fish skin
images on top of each other obtained via SAM and PAM gives more deeper look. This method
of visualization enables an insight on distribution, variation, and composition of pigments
inside the live salmon skin without any tissue related processing and fixing. The scanning
acoustic image provides structural information, while the photoacoustic image offers func-
tional information. The unique visualization of photoacoustic and scanning acoustic images
has applications in various fields, such as biomedical research and clinical practice. It can be
used in areas like tumor imaging, vascular imaging, functional brain mapping. Our findings
hold significant implications for the aquaculture industry, offering a non-destructive and effi-
cient means of monitoring the health and well-being of salmon populations via skin. The abil-
ity to visualize skin structures and vascular patterns could facilitate early detection of any type
of stress and infection leading to any disease, ensuring prompt intervention and management.

However, it is important to acknowledge the limitations of the current study. Further
refinements in imaging technology and data processing methods are necessary to optimize the
resolution, penetration depth, and image quality. In order to improve the axial resolution of
the PAM system, higher frequency ultrasonic transducers can be used to obtain the thickness
of each skin structure layer more accurately. Finally, the current imaging requires approxi-
mately 10 min to cover an area of 4 mm x 3 mm. In future, a faster scanner, such as a voice-
coil scanner or a micro-electro-mechanical-system-based scanner, would be beneficial in elim-
inating the effects of motion and improving clinical evaluation. Each fish we picked had some
uncertainty in terms of their difference of size, weight, same distance from the fins.

Further studies can be done in future using this method to understand the evolution of pig-
ments, the mechanism of camouflage, disruptive coloration etc. and potential adaptations to
different environments. Further research can also tell us about the concentration and density
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of pigments using photoacoustic microscopy. There is so much still to learn about the compo-
sition, expression, and distribution of pigment-based color patterns, its relation to stress, mat-
ing and communication, health condition in salmon fish. Absolute quantification of these
functional parameters will allow for the correct determination of the physiological status of tis-
sue, pigment quantification and accurate diagnosis of pathological conditions, effect of envi-
ronmental factors. Studies can be conducted to evaluate the stiffness of the salmon skin using
ultrasound which can be used as a sign of health and structural integrity. Optical attenuation
coefficient inside the skin can be measured depending on the wavelength of laser, skin pig-
ments, and the skin’s absorption and scattering characteristics.

Acknowledgments

We thank Professor Roy Ambli Dalmo at Department of fisheries (NFH) for providing the
technical support for experiments. I would also like to acknowledge Mathias Novik Jenson for
meaningful discussions.

Author Contributions

Conceptualization: Abhishek Ranjan, Jaya Kumari Swain, Balpreet Singh Ahluwalia, Frank
Melandse.

Data curation: Abhishek Ranjan, Jaya Kumari Swain.

Formal analysis: Abhishek Ranjan, Balpreet Singh Ahluwalia, Frank Melandse.
Funding acquisition: Jaya Kumari Swain, Balpreet Singh Ahluwalia, Frank Melandse.
Investigation: Jaya Kumari Swain, Frank Melandse.

Methodology: Abhishek Ranjan, Frank Melandse.

Project administration: Balpreet Singh Ahluwalia, Frank Melandse.
Resources: Frank Melandse.

Software: Abhishek Ranjan, Frank Melandse.

Supervision: Jaya Kumari Swain, Balpreet Singh Ahluwalia, Frank Melandse.
Validation: Frank Melandse.

Visualization: Abhishek Ranjan.

Writing - original draft: Abhishek Ranjan.

Writing - review & editing: Jaya Kumari Swain, Balpreet Singh Ahluwalia, Frank Melandse.

References

1. Jeon S, etal., Review on practical photoacoustic microscopy. Photoacoustics, 2019. 15: p. 100141.
https://doi.org/10.1016/j.pacs.2019.100141 PMID: 31463194

2. Beard P., Biomedical photoacoustic imaging. Interface focus, 2011. 1(4): p. 602—631. https://doi.org/
10.1098/rsfs.2011.0028 PMID: 22866233

3. Maslov K, et al., Optical-resolution photoacoustic microscopy for in vivo imaging of single capillaries.
Optics letters, 2008. 33(9): p. 929-931.

4, Mallidi S., Luke G.P., and Emelianov S., Photoacoustic imaging in cancer detection, diagnosis, and
treatment guidance. Trends in biotechnology, 2011. 29(5): p. 213-221. https://doi.org/10.1016/.
tibtech.2011.01.006 PMID: 21324541

5. Moore C. and Jokerst J.V., Strategies forimage-guided therapy, surgery, and drug delivery using photo-
acoustic imaging. Theranostics, 2019. 9(6): p. 1550.

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1011709  October 22, 2024 15/17


https://doi.org/10.1016/j.pacs.2019.100141
http://www.ncbi.nlm.nih.gov/pubmed/31463194
https://doi.org/10.1098/rsfs.2011.0028
https://doi.org/10.1098/rsfs.2011.0028
http://www.ncbi.nlm.nih.gov/pubmed/22866233
https://doi.org/10.1016/j.tibtech.2011.01.006
https://doi.org/10.1016/j.tibtech.2011.01.006
http://www.ncbi.nlm.nih.gov/pubmed/21324541
https://doi.org/10.1371/journal.pcbi.1011709

PLOS COMPUTATIONAL BIOLOGY 3-D visualization of Atlantic salmon skin

6. SeongM. and Chen S.-L., Recent advances toward clinical applications of photoacoustic microscopy: a
review. Science China Life Sciences, 2020. 63(12): p. 1798-1812. PMID: 32399767

7. LiuW. and Yao J., Photoacoustic microscopy: principles and biomedical applications. Biomedical engi-
neering letters, 2018. 8(2): p. 203-213.

8. delaZerdaA., etal., Photoacoustic ocularimaging. Optics letters, 2010. 35(3): p. 270-272. https:/
doi.org/10.1364/0L.35.000270 PMID: 20125691

9. ChoS,, etal., 3D PHOVIS: 3D photoacoustic visualization studio. Photoacoustics, 2020. 18: p.
100168. https://doi.org/10.1016/j.pacs.2020.100168 PMID: 32211292

10. NagaeK,, etal., Real-time 3D photoacoustic visualization system with a wide field of view for imaging
human limbs. F1000Research, 2018. 7.

11.  LiuW.-W. and Li P.-C., Photoacoustic imaging of cells in a three-dimensional microenvironment. Jour-
nal of biomedical science, 2020. 27(1): p. 1-9.

12. Nuster R, et al., Hybrid photoacoustic and ultrasound section imaging with optical ultrasound detection.
2013, Wiley Online Library. p. 549-559. https://doi.org/10.1002/jbio.201200223 PMID: 23650129

13. LiuY,,LiD., and Yuan Z., Photoacoustic tomography imaging of the adult zebrafish by using unfocused
and focused high-frequency ultrasound transducers. Applied Sciences, 2016. 6(12): p. 392.

14. MaR,, etal., Non-invasive whole-body imaging of adult zebrafish with optoacoustic tomography. Phys-
ics in Medicine & Biology, 2012. 57(22): p. 7227. https://doi.org/10.1088/0031-9155/57/22/7227 PMID:
23075767

15. Huang N, et al., Whole-body multispectral photoacoustic imaging of adult zebrafish. Biomedical Optics
Express, 2016. 7(9): p. 3543-3550.

16. Schwarz M., et al., Three-dimensional multispectral optoacoustic mesoscopy reveals melanin and
blood oxygenation in human skin in vivo. Journal of biophotonics, 2016. 9(1-2): p. 55—60. https://doi.
org/10.1002/jbio.201500247 PMID: 26530688

17. Madison K.C., Barrier function of the skin:“la raison d’etre” of the epidermis. Journal of investigative der-
matology, 2003. 121(2): p. 231-241.

18. Rakers S, etal., ‘Fish matters’: the relevance of fish skin biology to investigative dermatology. Experi-
mental dermatology, 2010. 19(4): p. 313—-324. https://doi.org/10.1111/j.1600-0625.2009.01059.x
PMID: 20158518

19. Martin P., Wound healing—aiming for perfect skin regeneration. Science, 1997. 276(5309): p. 75-81.
https://doi.org/10.1126/science.276.5309.75 PMID: 9082989

20. Nilsson Skoéld H., Aspengren S., and Wallin M., Rapid color change in fish and amphibians—function,
regulation, and emerging applications. Pigment cell & melanoma research, 2013. 26(1): p. 29-38.
https://doi.org/10.1111/pcmr.12040 PMID: 23082932

21. Shelley W.B. and Shelley E.D., Physiology, Biochemistry, and Molecular Biology of the Skin. JAMA,
1992. 268(4): p. 545-545.

22. LauderG.V., etal., Structure, biomimetics, and fluid dynamics of fish skin surfaces. Physical Review
Fluids, 2016. 1(6): p. 060502.

23. Hawkes J.W., The structure of fish skin. Cell and Tissue Research, 1974. 149(2): p. 147-158.

24. Yamaguchi Y. and Hearing V.J., Physiological factors that regulate skin pigmentation. Biofactors, 2009.
35(2): p. 193-199. https://doi.org/10.1002/biof.29 PMID: 19449448

25. Jorgensen K.M,, et al., Judging a salmon by its spots: environmental variation is the primary determi-
nant of spot patterns in Salmo salar. BMC ecology, 2018. 18(1): p. 1-13.

26. OhJ.-T., etal., Three-dimensional imaging of skin melanoma in vivo by dual-wavelength photoacoustic
microscopy. Journal of biomedical optics, 2006. 11(3): p. 034032.

27. NarayananJ., Xiong J.-Y., and Liu X.-Y.. Determination of agarose gel pore size: Absorbance measure-
ments vis a vis other techniques. in Journal of Physics: Conference Series. 2006. IOP Publishing.

28. ZellK, etal., Acoustical properties of selected tissue phantom materials for ultrasound imaging. Phys-
ics in Medicine & Biology, 2007. 52(20): p. N475. https://doi.org/10.1088/0031-9155/52/20/N02 PMID:
17921571

29. CuljatM.O., etal., A review of tissue substitutes for ultrasound imaging. Ultrasound in medicine & biol-
ogy, 2010. 36(6): p. 861-873. https://doi.org/10.1016/j.ultrasmedbio.2010.02.012 PMID: 20510184

30. WangL.V.and Hu S., Photoacoustic tomography: in vivo imaging from organelles to organs. science,
2012. 335(6075): p. 1458—1462. https://doi.org/10.1126/science.1216210 PMID: 22442475

31. Ranjan A, etal, Laser-Generated Scholte Waves in Floating Microparticles. Sensors, 2023. 23(4): p.
1776. https://doi.org/10.3390/s23041776 PMID: 36850374

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1011709  October 22, 2024 16/17


http://www.ncbi.nlm.nih.gov/pubmed/32399767
https://doi.org/10.1364/OL.35.000270
https://doi.org/10.1364/OL.35.000270
http://www.ncbi.nlm.nih.gov/pubmed/20125691
https://doi.org/10.1016/j.pacs.2020.100168
http://www.ncbi.nlm.nih.gov/pubmed/32211292
https://doi.org/10.1002/jbio.201200223
http://www.ncbi.nlm.nih.gov/pubmed/23650129
https://doi.org/10.1088/0031-9155/57/22/7227
http://www.ncbi.nlm.nih.gov/pubmed/23075767
https://doi.org/10.1002/jbio.201500247
https://doi.org/10.1002/jbio.201500247
http://www.ncbi.nlm.nih.gov/pubmed/26530688
https://doi.org/10.1111/j.1600-0625.2009.01059.x
http://www.ncbi.nlm.nih.gov/pubmed/20158518
https://doi.org/10.1126/science.276.5309.75
http://www.ncbi.nlm.nih.gov/pubmed/9082989
https://doi.org/10.1111/pcmr.12040
http://www.ncbi.nlm.nih.gov/pubmed/23082932
https://doi.org/10.1002/biof.29
http://www.ncbi.nlm.nih.gov/pubmed/19449448
https://doi.org/10.1088/0031-9155/52/20/N02
http://www.ncbi.nlm.nih.gov/pubmed/17921571
https://doi.org/10.1016/j.ultrasmedbio.2010.02.012
http://www.ncbi.nlm.nih.gov/pubmed/20510184
https://doi.org/10.1126/science.1216210
http://www.ncbi.nlm.nih.gov/pubmed/22442475
https://doi.org/10.3390/s23041776
http://www.ncbi.nlm.nih.gov/pubmed/36850374
https://doi.org/10.1371/journal.pcbi.1011709

PLOS COMPUTATIONAL BIOLOGY 3-D visualization of Atlantic salmon skin

32. Vissio P.G., et al., Fish skin pigmentation in aquaculture: The influence of rearing conditions and its neu-
roendocrine regulation. General and Comparative Endocrinology, 2021. 301: p. 113662. hitps://doi.
org/10.1016/j.ygcen.2020.113662 PMID: 33220300

33. Gajinov Z., et al., Optical properties of the human skin/Opti¢ke osobine ljudske koze. Serbian Journal of
Dermatology and Venereology, 2010. 2(4): p. 131-136.

34. LeclercqE., etal., Seasonal variations in skin pigmentation and flesh quality of Atlantic salmon (Salmo
salar L.): Implications for quality management. Journal of agricultural and food chemistry, 2010. 58(11):
p. 7036-7045. https://doi.org/10.1021/jf100723b PMID: 20433141

35. Hawkes J.W., The structure of fish skin: Il. The chromatophore unit. Cell and tissue research, 1974.
149(2): p. 159-172.

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1011709  October 22, 2024 17/17


https://doi.org/10.1016/j.ygcen.2020.113662
https://doi.org/10.1016/j.ygcen.2020.113662
http://www.ncbi.nlm.nih.gov/pubmed/33220300
https://doi.org/10.1021/jf100723b
http://www.ncbi.nlm.nih.gov/pubmed/20433141
https://doi.org/10.1371/journal.pcbi.1011709

