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Atopic dermatitis (AD) is a chronic and pruritic skin inflammatory disease causing a significant burden to health
care management and patient’s quality of life. Seemingly healthy skin or non-lesional sites on AD patients still
presents skin barrier defects and immune response, which can develop to AD at a later stage. To investigate
further the balance between the epidermal barrier impairment and intrinsic immune dysregulation in AD, we
exploited multispectral Raster-Scanning Optoacoustic Mesoscopy (ms-RSOM) to image lesional and non-lesional
skin areas on AD patients of different severities non-invasively to elucidate their structural features and func-
tional information. Herein, we demonstrate the objective assessment of AD severity using relative changes in
oxygen saturation (8sOz) levels in microvasculature along with other structural parameters such as relative
changes in epidermis thickness (8ET) and total blood volume (§TBV) between the lesional and non-lesional areas
of the skin. We could observe an increasing trend for 8sO2 and §TBV, which correlated well with the subjective
clinical Scoring Atopic Dermatitis (SCORAD) for evaluating the severity. Notably, S3ET showed a decreasing trend
with AD severity, indicating that the difference in epidermal thickness between lesional and non-lesional area of
the skin decreases with AD severity. Our results also correlated well with conventional metrics such as trans-
epidermal water loss (TEWL) and erythrosine sedimentation rate (ESR). We quantified the 8sO, and SET
changes to objectively evaluate the treatment response before and four months after treatment using topical
steroids and cyclosporine in one severe AD patient. We observed reduced 8sOy and SET post treatment. We
envision that in future, functional and structural imaging metrics derived from ms-RSOM can be translated as
objective markers to assess and stratify the severity of AD and understand the function of skin barrier dys-
functions and immune dysregulation. It could also be employed to monitor the treatment response of AD in
regular clinical settings.

1. Introduction

Atopic dermatitis (AD) is a chronic, pruritic skin inflammatory dis-
ease, which can create a huge burden for patients in terms of disease
management as well as quality of life. Accurate and non-invasive eval-
uation of AD is vital in determining its severity, longitudinal response to
therapeutic interventions and treatment management [1]. Currently, AD
severity in the clinics is assessed using Eczema Area Severity Index
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(EASI) or Scoring AD (SCORAD), which have their own limitations [1],
as they rely on direct inspection of the skin and are subjected to intra-
and inter-observer variations depending on the assessors’ experience
[2]. Partial EASI (p-EASI) uses serum biomarkers to assess disease
severity objectively, but reflects clinical status in an indirect manner [3].
Biopsies allow direct objective assessment of the skin ultra-structures
and even detection of subclinical skin inflammation in AD, but it is
invasive and impractical in clinical settings [4]. There currently lacks an
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ideal objective scoring method that is easy to measure and yet sensitive
to change with minimal bias, which would be of great value to the
classification of severity of disease, prediction of disease trajectory and
monitoring of treatment response [5]. Furthermore, there were studies
reported that clinically normal-appearing skin or non-lesional areas in
AD patients is characterized by the presence of inflammation albeit to a
lesser extent than lesional area and that it is different from healthy
normal skin [6,7]. Non-lesional AD skin is also reported to exhibit a
degree of skin barrier dysfunction coupled with increased water loss and
decreased water content in the uppermost stratum corneum layer of the
skin [8].

Optoacoustic (photoacoustic) imaging (OAI) is a non-invasive im-
aging technique using a pulsed laser for illumination and an ultrasound
transducer for the detection of acoustic signals using the principle of
thermoelastic expansion of tissue [9]. OAI can provide scalable imaging
depth and resolution with structural, molecular and functional infor-
mation. Optoacoustic tomography, a macroscopic version of OAI tech-
nique uses detector with lower central frequency collect the signals
emitted by bigger vascular structures in longer wavelengths, which
scatters less and resulting in deeper penetration depths, but poor lateral
resolution. It was used for monitoring hemodynamic changes in foot and
muscle tissues [10-12] and assessing breast tumor margins [13]. How-
ever, this configuration is not suitable to image and resolve the micro-
vasculature in the dermis region owing to poor lateral resolution. On the
contrary, optoacoustic microscopy, a higher resolution configuration of
OAI system, whose resolution depending on optical focusing could be
able to image microvasculature and its vascular response using two
wavelengths [14]. However, the reported optoacoustic microscopy is
limited by imaging depth of up to tens of microns below the skin surface
[15]. The required imaging depth for the assessment of AD should
provide detailed image of the blood vessels in the dermis region, usually
1 to 3 mm from the skin surface.

Raster-scanning optoacoustic mesoscopy (RSOM) is a novel high-
resolution version of OAI system, ideally suited for imaging skin
microvasculature using wideband ultrasound detector, allowing rela-
tively deeper imaging (~2 mm) with high lateral resolution of ~40 um
[16]. A single wavelength RSOM was previously used to image and
deduce specific structural metrics such as epidermis thickness, vessel
diameter in the dermis, and capillary loop density in the dermal layers to
study eczema and psoriasis [17-19]. The ability to monitor vascular
structures and skin layers in a non-invasive manner allows clinicians to
directly detect any subclinical inflammation.

In our previous study [17], using single wavelength RSOM, we have
shown that there were apparent differences in specific metrics, such as
epidermis thickness, total blood volume, vessel diameter in the dermis,
and the ratio of low- and high-frequency signals in the dermis among AD
skin of varying severities. These metrics was also used to monitor the
response in an eczema subject after biologics treatment [20]. We have
also proposed a quantitative classification of severity using structural
features and explored multiple machine learning models for objective
severity classification [17,21]. Based on the findings that non-lesional
AD skin is characterized by skin barrier dysfunction, the authors ques-
tion the hypothesis that vascular structural and functional re-modelling
is an essential pre-requisite in the pathogenesis of non-lesional areas in
AD patients, regardless of AD severity. Herein, a multispectral
Raster-Scanning Optoacoustic Mesoscopy (ms-RSOM) having high
repetition rate laser with four distinct wavelengths was employed to
spectrally unmix skin chromophores such as melanin, oxy-hemoglobin
(HbO3), deoxy-hemoglobin (Hb) and to deduce functional information
such as oxygen saturation (sO3) in skin microvasculature, which was
unavailable in a single-wavelength RSOM system before. The acoustic
signals generated at each individual wavelength were detected using a
wideband transducer. The ms-RSOM system allows us to image
oxygenation in tissue and characterize the morphological and physio-
logical changes between non-lesional and lesional AD skins of varying
severities.
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In this study, we present the functional information such as changes
in oxygen saturation in the skin microvasculature as a biomarker for the
first time to assess the severity of the AD inflammatory skin condition.
For the first time to our knowledge, we also investigated non-invasively
the differences in the subclinical structural features of the skin between
lesional and non-lesional areas in different severities of AD. The objec-
tive quantification of treatment response using topical steroids in an AD
patient was also demonstrated by the ms-RSOM derived metrics such as
relative changes in oxygen saturation and epidermal thickness. The
functional information of skin microvasculature (sO5) could be a novel,
objective biomarker for non-invasive clinical investigation of inflam-
matory skin diseases and their response to treatment.

2. Methods
2.1. AD patients

Sixteen patients from the adult eczema clinic at National Skin Centre,
Singapore, were recruited. Hanifin and Rajka diagnostic criteria was
used for the diagnosis of AD. Out of the 16 AD patients, 5 had mild and
moderate each while 6 had severe AD. The disease severity of each pa-
tient was assessed using the Scoring Atopic Dermatitis (SCORAD) and
stratified as mild, moderate, or severe according to the SCORAD values
of < 25, 25-50 and above 50 respectively [14]. Optoacoustic imaging
using ms-RSOM was performed on all patients over two areas on the
ventral forearm, one over a representative AD skin lesion and the other
over a non-lesional area at least 2 cm away from the identified lesional
area. Each image was acquired from a 5 mm x 3 mm area. The study was
approved by National Healthcare Group (NHG) Domain Specific Review
Board (DSRB), Singapore (Ref No. 2020/00079). Patient’s informed
consent was obtained in compliance with the institutional approvals.
Demographic details of the patients are provided in the supplementary
information (SI).

2.2. Multispectral RSOM system

RSOM Explorer ms-C50 (iThera Medical GmbH, Munich, Germany)
system used for imaging is shown in Fig. 1. We have described the sys-
tem in detail in our previous publication [22]. Briefly, a nanosecond
Raman laser having four distinct wavelengths (532, 555, 579, 606 nm)
with a pulse energy ~20 pJ, pulse width of < 3.2 ns, repetition rate 1.3
kHz was used to illuminate the tissue and raster scanning was conducted
over an area of 5 x 3 mm. An ultra-broadband transducer (center fre-
quency 50 MHz, bandwidth 11-99 MHz) was used for detecting the
acoustic signals. The scanning head (Fig. 1B) comprises of the two-axis
motorized illumination and detection part, which will be in contact with
the skin surface using a water-filled unit having an interchangeable
polyethylene membrane in the bottom. The ms-RSOM system can pro-
vide high quality 3D images of skin morphology and vascular structures
up to a depth of 2 mm from skin surface to dermis region, and with an
axial and lateral resolution of up to 10 ym and 40 pm respectively.
Depending on the intrinsic absorption coefficients in the visible wave-
length range (Fig. 1C), visualization of different chromophores such as
melanin, HbO,, Hb and the overlaid images was achieved (Fig. 1D).
Functional information, oxygen saturation (sO»), of microvasculature
can also be quantified using these parameters.

2.3. Image processing

Multi-spectral RSOM system includes multi-wavelength pulsed laser
source and ultra-wideband ultrasound detector. Absorption of light by
different chromophores, such as melanin, deoxyhemoglobin and
oxyhemoglobin, resulting in the generation of pressure waves that can
be detected using an ultrasound transducer and reconstruct into images.
The beam-forming algorithm was used to reconstruct each single
wavelength image separately [23,24]. Four distinct wavelengths
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Fig. 1. Experimental imaging (ms-C50) clinical prototype system. (A) Photograph and (B) imaging head of the system; (C) absorption spectra of endogenous
chromophores in the skin from 450 to 650 nm and four laser wavelengths are shown in vertical dash line; (D) Representative vertical cross-sectional ms-RSOM image,
with merged and unmixed images of melanin, oxy-hemoglobin and deoxy-hemoglobin.

(532 nm, 555 nm, 579 nm and 606 nm) were chosen in the volumetric
imaging mode. Motion correction algorithm was applied onto the
reconstructed multispectral data to inherently co-register with laser in
wavelength sweep mode [25], followed by spatial fluence correction. A
linear regression algorithm with non-negative constraint [26] was used
to unmix the different skin chromophores based on their respective
absorption spectra in the induced light wavelengths [27], shown in
Fig. 1C. Fig. 1D shows the vertical maximum intensity projection of the
volumetric multispectral 3D image along the depth. The top epidermal
layer with strong absorption by melanin is primarily without any
noticeable haemoglobin signal. The dermis region features vascular
network characterized by absorption of both Hb and HbOs. Using
ms-RSOM, the oxygen saturation could be measured in single vessel
level. In this study, we calculated the oxygen saturation changes in the
dermis region.

2.4. Analysis of specific imaging metrics using ms-RSOM

We investigated specific metrics derived from the ms-RSOM images
from the subjects. We computed (1) differential oxygen saturation
(8s03), (2) differential epidermis thickness (8ET), and (3) differential
total blood volume (8§TBV). Quantitative analysis of each metric for
different AD severities were plotted.

2.4.1. Differential oxygen saturation

Depending on the absorption coefficient of hemoglobin from the
representative individual wavelength images, HbO, and Hb in the
dermis were un-mixed. The oxygen saturation (sO2) was then calculated
by the equation (Hiﬁb%‘ Differential oxygen saturation (8sO3), the ratio
of sO, from the lesional area over that from non-lesional AD area were
computed and plotted for each AD severity.

2.4.2. Differential epidermis thickness

An in-house developed automatic segmentation algorithm was first
used on the unmixed melanin 3D ms-RSOM image stack, followed by
calculating the melanin vertical optoacoustic profile along the direction
of skin depth to define the boundary between the epidermis and dermis,

obtained by averaging all pixels in x-y plane along the depth (z-axis).
The first dominant peak represents the center of melanin layer. We
obtained the bottom edge of melanin layer by using the full width at half
maximum (FWHM). The distance from the skin surface to the end of
melanin layer was taken as the epidermis thickness in our study since
melanin is located in the basal layer of the epidermis. The ratio of
epidermis thickness from the lesional area over that from non-lesional
AD area were computed as differential epidermis thickness.

2.4.3. Differential total blood volume (TBV)

We calculated the TBV based on the in house-built image segmen-
tation, followed by applying a threshold (20% of the maximum voxel
value) to the dermal region of merged ms-RSOM 3D images. Then a
binary mask was obtained by setting the voxels to be 0 if its value is
below the threshold, and the rest of voxels to be 1. TBV is calculated as
the total number of voxels with value of 1 in the segmented 3D dermal
region, with the expression TBV = ) N x dV, where N is the number of
voxels with value of one in the certain voxel volume dV. The ratio of TBV
from the lesional area over that from non-lesional AD area was
computed as differential total blood volume.

2.5. Transepidermal water loss measurement

Trans epidermal water loss (TEWL) is the amount of water that
evaporates from the dermis through the epidermis into the external
environment. TEWL was measured using a wireless portable device
called VapoMeter (Delfin Technologies, Finland). An average of three
separate measurements were taken for accurate results. Measuring
TEWL is useful for identifying skin conditions like eczema, as the
increasing rates of TEWL will indicate the damaged skin barrier level.

2.6. Erythrosine sedimentation rate measurement

Erythrosine sedimentation rate (ESR) indirectly measures the pres-
ence of inflammation in the body by detecting how fast erythrocytes
settle to the bottom of a test tube containing blood. ESR was measured
by ALCOR iSED erythrocyte sedimentation rate analyzer in unit of mm/
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hr.

2.7. Treatment response

One severe AD patient with SCORAD value 61.5 was imaged at
baseline and after four months of treatment with topical steroids and
cyclosporine. Images were acquired from the non-lesional and lesional
areas of the patient and metrics such as SET and 850, were calculated at
baseline and post-treatment.

3. Results and discussion
3.1. Biophysical and laboratory assessment of AD patients

As an indicator of skin barrier function, TEWL measures the passive
diffusion of water through the stratum corneum. Skin barrier dysfunc-
tion may be an important antecedent of dermatitis inflammation [28].
Fig. 2A suggests that the mean TEWL of the AD patients increased with
AD severity as reported in literature [29]. TEWL increased by 66.4%
from mild to moderate, and 60.8% from moderate to severe AD
conditions.

ESR on the other hand is an indicator of the systemic inflammatory
activity in one’s body. We could observe that ESR values were signifi-
cantly different among patients with varying AD severities. It increased
by ~167% from mild to moderate AD severity (Fig. 2B). Interestingly,
the ESR increase was to a lesser degree (~6%) from moderate to severe
subgroups. This shows that ESR value correlated very well as reported
by Jiang et al. [30]. Evidently, as TEWL and ESR were elevated with
increasing disease severity, both skin barrier impairment and immune
dysregulation form the hallmark etiologies of AD pathology.

3.2. ms-RSOM derived imaging metrics of AD skin

Fig. 3 shows representative ms-RSOM vertical cross-sectional images
exhibiting the spatial maps for melanin, HbO,, and Hb in lesional and
non-lesional areas in AD patients of different severities, revealing sig-
nificant morphological and vasculature differences. The superficial
epidermal layer is differentiated by the presence of melanin (green
signals). The dermal layer, underneath the epidermis, features a vascular
network distinguished by the absorption of Hb and HbO; (blue and red
signals respectively). In general, the epidermal layer thickness increased
with AD severity in both lesional and non-lesional areas with the
epidermal layer in the lesional area thicker than its corresponding non-
lesional area for different severities. Interestingly, the epidermis thick-
ness in the non-lesional area of the skin in the severe case exhibited
almost the same value as its corresponding lesional area. This may
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indicate that the uninvolved AD areas appear to be characterized by
subclinical (and thus undetectable by the naked eye) inflammation,
which can potentially develop to symptomatic AD lesions. This is
corroborated by the elevated ESR values exhibited by the severe AD
subgroup (Fig. 2B). The vascular plexus in the dermis underwent
remodelling as the AD severity increased with more intense haemoglo-
bin signals present in the severe lesional case compared to that of mild
and moderate cases (Fig. 3). In the pathogenesis of AD, there is
disruption of the skin barrier, followed by sensitization and inflamma-
tion. In severe AD, as an inflammatory mediator, vascular endothelial
growth factor is activated to a larger extent as indicated by its high ESR
measurements, resulting in endothelial cell proliferation, increased
blood flow due to vessel dilation and edema formation from increased
vessel permeability [31].

Fig. 4 shows the differential sO5, ET and TBV values calculated for
varying AD severities. Notably, the sO; of lesional areas are higher than
that of non-lesional areas (as 8sO3 >1) for all severities of AD, possibly
due to the high blood flow towards the sites involved in inflammation
(Fig. 4A), which is consistent with previous reports utilizing other op-
tical imaging modalities [32]. Importantly, the ratio of sOy between
lesional and non-lesional areas increased with AD severity. The 850 in
severe AD was 8.8% higher than that of moderate case, while the §sO5 in
moderate severity was 3.34% higher than that of mild AD skin. Similar
to 8sOg, the 3TBV values also increased with increasing AD severity.
8TBV in severe AD was 5.9 times higher than that in moderate AD and
approximately 30 times higher compared to that of mild AD (Fig. 4B).
The increasing TBV is indicative for one of the inflammatory responses
in which the vessels get dilated due to blood flow to the sites of
inflammation to get more nutrients. The ratio of TBV between the lesion
and non-lesion areas dramatically increased with AD severity showing
that non-lesional areas in severe cases had less inflammatory response
than the lesional areas.

On the other hand, SET decreased with increasing severity of AD
patients (Fig. 4C), while values are larger than 1 for all severities. It
showed that the ET of lesional areas are thicker than that of non-lesional
areas. The mean differential epidermal thickness for mild eczema skin
was 3.6% higher than that of moderate AD, which in turn was 13.7%
higher than that of severe AD. The thicker epidermal layer in lesional
area compared to non-lesional area can be related to lichenification,
which is due to chronic inflammation and scratching. However, this
indicates that the difference in epidermal thickness between involved
and uninvolved AD areas became less pronounced and similar to each
other as the severity of AD increases. Compared to the corresponding
lesional areas, uninvolved areas in severe AD cases may not display
acute intrinsic inflammation (lower sO; values of vasculature) but may
still present thickened epidermis. The thickened epidermis may limit the
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Fig. 2. Relation of (A) transepidermal water loss (TEWL) and (B) erythrosine sedimentation rate (ESR) with respect to AD severity based on SCORAD.
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sponding non-lesional areas respectively (D-F), showing the merged melanin (green), Hb (blue) and HbO, (red) spatial optoacoustic signals. The epidermal (EP) layer

is denoted with white arrows. Scale bar; 500 um.
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Fig. 4. Relation of (A) differential oxygen saturation (8sO-); (B) differential total blood volume (§TBV) and (C) differential epidermal thickness (8ET) with respect to
AD severity.

imaging depth due to high melanin absorption in the visible wave- all wavelengths. It is well established from literature that non-lesional
lengths. In this study, we recruited subjects of Fitzpatrick skin types from skin areas of AD patients can remain abnormal compared to healthy
III to IV to minimize the potential impact of difference in light fluence at skin. These subclinical abnormalities are perhaps largely due to the
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epidermal barrier dysfunction and less so from the systemic immune
response [33]. Identification of the factors contributing to the subclin-
ical structural irregularities in the unaffected skin can expedite the
management of severe AD with effective treatment response.

The strengths of our study includes the assessment of oxygen satu-
ration in microvessels at high resolution and its comparison with non-
lesional and lesional skin. However, imaging was done at a single time
point and therefore we could not assess the sensitivity of the imaging
system to longitudinal changes. While skin biopsies to allow a direct
histopathological and imaging correlation were not done in this study,
the structural features observed with ms-RSOM have been previously
validated against histology and video capillaroscopy [34]. The ability of
ms-RSOM to image the skin at multiple wavelengths allow for the spatial
visualization of the different chromophores, so as to quantify the oxygen
saturation of the microvasculature. This enables the diagnosis and sur-
veillance of associated inflammatory conditions. Compared to capil-
laroscopy, ms-RSOM provides high quality 3D images of the
microvasculature of the encompassing deep dermis.
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3.3. Treatment response monitoring

A single severe AD patient undergone treatment with topical steroids
and cyclosporine was imaged at baseline and post-treatment (Fig. 5).
The difference between the vascular structures of lesional and non-
lesional areas at baseline became less pronounced after treatment
(Fig. 5A). After treatment, the vascular structure of the lesional area
became more regular with less HbO, (red) signals , presumably due to
the reduced inflammation. After treatment, the epidermal layer of the
lesional area became thinner, making the difference in epidermal
thickness between lesional and non-lesional area smaller. Notably, the
non-lesional area has a thinner epidermal layer than the lesional area at
baseline and post-treatment. It was observed that the §sO5 was reduced
significantly (40%) after treatment indicating reduced inflammation in
the lesional AD sites when compared to unaffected skin areas (Fig. 5B).
ET in the lesional area reduced from 436 pm to 196 um post treatment
(Fig. 5C), while ET in the non-lesional area is reduced slightly from
288 ym to 156 um post treatment (Fig. 5D) as application of topical
steroids to uninvolved skin areas are known to result in skin thinning
[35]. Overall, after the treatment, SET was reduced by 20.5% (Fig. 5E)
indicating a lower difference in ET between lesional and non-lesional
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Fig. 5. (A) Maximum intensity projection (MIP) images of lesional and non-lesional areas at baseline and post-treatment using topical steroids and cyclosporine;
Quantifications of (B) differential oxygen saturation (8sO,); Epidermis thickness of lesional area (C) and non-lesional area (D) before and after treatment; (E) dif-
ferential epidermal thickness (SET) of lesional AD and non-lesional AD areas before and after treatment. The epidermal (EP) layer is denoted with white arrows. Scale

bar; 500 pm.
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skin sites.

In general, for AD treatment, topical steroids result in localized
vasoconstriction by reducing the size of keratinocytes and inhibiting
their proliferation [36]. It has potentially irreversible atrophogenic ef-
fects. While oral cyclosporine as an immunosuppressant [37] is very
useful to provide rapid relief in patients with severe AD, but it is not
long-lasting. The quantification of cutaneous atrophy in the context of
topical steroids application could be achieved by ultrasonography and
confocal laser scanning microscopy limited by the low-resolution 2D
images or high-resolution images at shallow imaging depths. Our
ms-RSOM system can provide high-resolution 3D images of the skin
morphology and vascular structures up to 2 mm. It could also provide
the functional information of microvasculature. A higher percentage of
decrease in 8sO; can be observed, which shows the immune response is
most affected by the treatments and less to the epidermal thickness. This
is probably because alleviation of topical steroids will induce highly
proliferating cells in the epidermis, increasing the epidermal thickness
due to the viable epidermis with larger cells of irregular sizes and shapes
[38]. Therefore, the balance between atrophogenic effect of topical
steroids and the rebounding effect of epidermal hyperplasia might result
in less dramatic decrease in epidermal thickness from the treatment
[39]. The main side effect of topical steroids is dermal thinning, which
we did not observe for this AD patient.

Summary

In this study, the use of a novel high-resolution multispectral opto-
acoustic system for imaging inflammatory skin conditions was pre-
sented. Quantitative analysis of ms-RSOM derived imaging metrics
including relative changes in oxygen saturation, epidermal thickness,
and total blood volume, could quantitatively differentiate the lesional
and non-lesional skin areas. This technique provides imaging derived
metrics in an objective and non-invasive manner in a short turn-around
time with low variability. This study presented the first report on the
functional changes of oxygen saturation in skin microvasculature as a
marker to gauge the severity of AD. Our study also revealed that in the
case of severe AD, the difference in the subclinical structural features of
the skin between lesional and non-lesional part is indeed minimal. The
differences in the structural features between lesional and unaffected
areas is thought to be mostly by virtue of epidermal barrier dysfunction
and less so from the systemic immune response. This study also
demonstrated the significance of ms-RSOM derived metrics to objec-
tively quantify the treatment response using topical steroids in an AD
patient. In the era of targeted and personalized therapy, non-invasive
skin imaging technologies such as ms-RSOM offers great potential in
better understanding of the disease and its response to treatment. In this
context, this study can open up new avenues for understanding in-
flammatory skin conditions and also for the formulation of new
therapies.
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