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ARTICLE INFO ABSTRACT

Keywords: Diabetes mellitus (DM) may lead to microvascular and macrovascular complications. Screening for these com-
Diabetes plications is crucial, and so non-invasive methods with high-dissemination potential are needed. Diabetic pe-
Microvasculature

ripheral neuropathy (DPN) is particularly challenging to screen due to the lack of reliable clinical markers and
endpoints. In this context, Raster Scan Optoacoustic Mesoscopy (RSOM) emerges as a highly promising technique
that offers hybrid, non-invasive imaging of optical absorption using light-induced ultrasound waves within tissue
without the use of contrast agents. RSOM provides high-resolution visualisation of micro-vasculature and other
tissue structures along with functional information. The technique has already assessed microvasculature loss as
a function of diabetes progression and used it to characterise DPN severity. RSOM has also shown that cutaneous
vessels in the mesoscopic range (mean diameters of 30-40 um) are most prominently affected by DM and that the
mean number of cutaneous vessels was lower in subjects with DM than in healthy participants (p < 0.001 and p
< 0.05, respectively). Although experience is still limited, we present an overview of the novel technique in
relation to its potential for detecting early DM onset and development of microvascular complications.

Microvascular complications
Diabetic peripheral neuropathy
Optoacoustic imaging

Raster scan optoacoustic mesoscopy

Therefore, the aim of this narrative brief review was to discuss the
potential use of the novel optoacoustic modality termed Raster Scan

1. Introduction

Diabetes mellitus (DM) remains on the rise and is expected to affect
over 575 million people by 2030 [1]. Similarly, the global prevalence of
impaired glucose tolerance is increasing and is expected to reach 8.0 %
(454 million) by 2030 [1]. DM duration and hyperglycaemia represent
the cardinal risk factors for the development of macrovascular compli-
cations [2-4]. Nevertheless, in contrast to macrovascular complications,
recent evidence suggests that skin microangiopathy occurs early in the
course of DM and may precede microvascular complications in other
organs [5,6]. This finding underlines the importance of detecting cuta-
neous microvascular perturbations early. Among non-invasive methods
available to visualise microvasculature in vivo, optoacoustic mesoscopy
stands out for its detailed imaging, providing high-resolution three-
dimensional (3D) visualisation across the entire thickness of the
epidermal and dermal layers [7-9].

Optoacoustic Mesoscopy (RSOM) for imaging and detecting microvas-
culature damage across the DM spectrum, including prediabetes.

2. Search strategy

An electronic search was conducted in PubMed, EMBASE and Google
Scholar using combinations of the following keywords: “optoacoustic
mesoscopy,” “photoacoustic imaging,” “raster scan optoacoustic meso-
scopy,” “diabetes,” “microvasculature damage,” “microvascular com-
plications.” Optoacoustic imaging is also referred to as photoacoustic
imaging. We retain the notation optoacoustic throughout this review, in
analogy to all other optical imaging methods, such as optical microscopy,
optical spectroscopy, optical coherence tomography, etc., since it is the
term optical that is used when employing light for visualisation or
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measurements. Nevertheless, we used both terms when searching the
literature. All types of articles (reviews, original articles, clinical trials,
case reports) in English were included. Articles in other languages were
excluded. In addition, references of included articles were screened to
identify additional relevant studies.

3. Microvasculature damage: What we know

The microvasculature includes blood vessels between first-order ar-
terioles and first-order venules [2,5,10]. Arterioles and venules
comprise endothelial cells, pericytes, a basement membrane (BM), and a
layer of smooth muscle cells. Capillaries lack this smooth muscle layer
[2,5,10].

Damage in the microvasculature begins early in DM and mainly af-
fects the endothelial layer [2,5,10]. Indeed, it is now known that sub-
jects with prediabetes may manifest early stages of chronic renal failure,
diabetic neuropathy, retinopathy, or nephropathy [10-12]. Impres-
sively, painful peripheral neuropathy has been reported in 8.7 % of
subjects with impaired glucose tolerance (IGT), compared with 4.2 % in
those with impaired fasting glucose (IFG) and 13.3 % in those with DM
[12]. Among adults with normoglycaemia, peripheral neuropathy is
associated with increased all-cause mortality (hazard ratio [HR]: 1.37,
95 % confidence interval [CI]: 1.21-1.55) and cardiovascular mortality
(HR: 1.32, 95 % CI: 1.02-1.72) [13].

4. Diabetic peripheral neuropathy

Diabetic peripheral neuropathy (DPN) remains one of the most
frequent microvascular complications of DM. It is now increasingly
appreciated that it may also present in some subjects with prediabetes
[5,6,14]. DPN manifests in the distal lower extremities and primarily
affects sensory modalities. Its progression is typically gradual over many
years, though some individuals may experience a quicker and more se-
vere course. Unfortunately, unlike nephropathy or retinopathy, DPN is
challenging to screen for due to the absence of reliable clinical markers
and endpoints for early detection or disease progression [6,15-17].

One of the major suggested pathophysiological mechanisms of DPN
is impaired blood flow in nerve microvasculature (vasa nervorum) with
subsequent nerve ischaemic injury [18,19]. Indeed, chronic hyper-
glycaemia affects endoneurial capillary morphology and endothelial cell
function [18,19]. The “neurovascular unit” is composed of neuronal,
glial and vascular cells and is susceptible to biochemical alterations
triggered by reactive metabolites and elevated glucose [20,21]. Sural
nerve biopsies from patients with DPN have demonstrated endoneurial
basal membrane thickening along with endothelial cell proliferation and
hypertrophy [6,20,21]. Such findings are generally absent in DM sub-
jects without DPN [6,20,21].

With this in mind, it becomes evident that the need for early DPN
diagnosis and timely intervention is essential. Significant progress has
indeed been made in developing point-of-care diagnostic methods and
devices, such as corneal confocal microscopy or automated nerve con-
duction study, as described in detail elsewhere [22-25].

Quantification of intra-epidermal nerve fibre density may be
accomplished by distal leg skin biopsy, followed by immunohisto-
chemistry and microscopic evaluation. This is considered by many the
gold standard for assessment of small nerve fibres and early detection of
subclinical neuropathy [26]. However, although this method is mini-
mally invasive, it is still invasive, limiting its broader use as a diagnostic
method. Corneal confocal microscopy (CCM) is non-invasive and studies
small fibers in the cornea of the human eye [22,23]. It has very good
reproducibility and correlation with skin biopsy [22,23]. However, CCM
has inherent limitations. One of the main drawbacks is that CCM offers a
small field of view (approximately 386 * 386 pm per image or about 0.2
% of the total subbasal nerve plexus) to achieve high resolution and
magnification. This limitation necessitates multiple image acquisitions
for comprehensive analysis, which can introduce variability and
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increase examination time [22,23].
5. RSOM: A bit of light, a bit of (ultra)sound

To date, available techniques for assessing cutaneous tissue perfu-
sion and oxygenation include Laser Doppler flowmetry, contrast-
enhanced ultrasound, indocyanine green fluorescence angiography,
near-infrared spectroscopy (NIRS) and others [27-30]. However, these
modalities lack sufficient diagnostic value as they may lack sufficient
resolution to visualise the microvasculature, average contributions from
multiple skin layers and flow directions or require the injection of
contrast agents [27-30]. Conversely, optoacoustic mesoscopy is a novel
non-invasive technique providing high-resolution three-dimensional
(3D) imaging under the skin surface, through the entire epidermal and
dermal layers, as well as a detailed assessment of dermal microvascu-
lature and other skin features [31]. Moreover, it does not require
administration of contrast agents [31].

Optoacoustic imaging, in general, is an optical imaging technique
illuminating tissue with transient light energy, such as photon pulses in
the nanosecond range [32]. When different tissue molecules absorb the
excitation light, absorption causes rapid thermoelastic expansion at the
absorption sites. This expansion produces ultrasound waves, which
travel through the tissue and are detected by ultrasound sensors placed
at various points on the tissue surface. A time-dependent ultrasound
signal is captured at each detector position: the signals recorded later
originate from deeper layers within the tissue, while earlier signals
originate from shallower regions. By processing all recorded signals
from each position with image reconstruction techniques, detailed im-
ages based on optical absorption within the tissue can be created
[33-38]. Use of ultrasound detectors rather than optical cameras en-
ables imaging with high resolution and high optical contrast [39,40].

Most clinical studies using optoacoustic imaging have concentrated
on detecting intrinsic contrast in the visible or near-infrared range
(NIR), enabling the identification of contrast from natural tissue chro-
mophores (i.e. water, lipids, haemoglobin, melanin). NIR is ideal for
imaging through several centimetres of tissue due to the low tissue ab-
sorption of light in this wavelength range [41,42]. Conversely, imaging
in the visible light range can only penetrate a few millimetres due to the
high absorption of light by haemoglobin. However, this low penetration
is balanced by the enhanced contrast achieved when imaging blood
vessels over other spectral regions and the achieved contrast is generally
better than other imaging modalities. Therefore, imaging of cutaneous
microvasculature can be achieved with high contrast in the visible range
since haemoglobin is a highly potent light absorber and generates strong
optoacoustic signals.

In addition to the dependence of optical absorption on wavelength,
optoacoustic imaging also offers a trade-off in terms of the ultrasound
frequency utilised [7]. Specifically, image resolution improves when a
higher frequency is used, allowing for finer detail, but imaging depth
decreases due to steeper attenuation of higher ultrasound frequencies as
a function of propagation distance [43]. Conversely, detection of lower
ultrasound frequencies allows for greater imaging depth but reduces the
level of detail, resulting in lower resolution. Therefore, for macroscopy
applications at depths of a few centimetres (Table 1), the NIR region is
matched to ultrasound frequencies of 0.1-10 Mhz. On the contrary, ul-
trasound frequencies > 10 MHz, as applicable to optoacoustic meso-
scopy and microscopy, are matched to illumination in the visible range
to yield images with high resolution and high contrast from the vascu-
lature or the melanin layer [43,44].

Therefore, high-resolution imaging of the skin, including cutaneous
microvasculature can be achieved by recording signals at frequencies
ranging from a few tens of MHz up to more than a hundred MHz. While
frequencies at the few tens of MHz yield mesoscopic resolutions at
several tens of micrometers, the use of an extended frequency range to
more than 100 MHz allows resolutions in the few tens of micrometers or
better, therefore reaching microscopic imaging. To achieve such high-
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Table 1
Optoacoustic imaging modalities.
Macroscopy Mesoscopy Microscopy
[37,41] (Raster Scan [34,60,61]
Optoacoustic
Mesoscopy)
[41,43,58,59]
Typical 650-1100 nm 400-900 nm 400-700 nm
wavelength
range
Typical US 0.1-10 MHz 10-50 MHz >30 MHz
transducer (UWB-RSOM:
frequency <200 MHz)
range
Typical depth 1-4 cm 1-10 mm 0.1-2 mm
(OR-OptAM: <0.2
mm)
Typical 100-300 pm 10-100 pm 5-30 pm
resolution (OR-OptAM: <1
pm)
Common cardiovascular diabetes mellitus
applications disease [53] [51,52] microangiography
breast cancer melanoma [49,50] in cancer biology
imaging [54,55] psoriasis [8] [62]
thyroid imaging histological
[56] examination [62]
Crohn’s disease
[57]

nm, nanometres; US, ultrasound; MHz, megahertz; UWB-RSOM, ultra wide band
Raster Scan Mesoscopy; cm, centimetres; mm, millimetres; pm, micrometres; DV
OR-PAM, dual view optical resolution photoacoustic microscopy.

bandwidth detection, RSOM utilises broad-band single-element de-
tectors, which are raster scanned across the skin (Fig. 1) [37,39]. RSOM
achieves sub-10 um resolutions and enables visualisation much deeper
than optical microscopy methods, reaching depths that allow visual-
isation of microvasculature over the entire dermal layer. Moreover, by
illuminating at multiple wavelengths, it is possible to separate the
contributions of oxygenated and deoxygenated haemoglobin and
determine oxygen saturation (SO3) levels in tissues and microvessels
[39,43-45].

Through analysis of the microvasculature patterns revealed by RSOM
(Fig. 1), it is possible to compute vascular dilation and total blood vol-
ume, which are label-free markers for inflammation. RSOM has
demonstrated its potential as an imaging method in various clinical
settings, such as psoriasis [7,46], atopic dermatitis [47,48], melanoma
[49,50], and microvascular complications of DM [51,52]. Table 1
summarises some of the characteristics of aforementioned optoacoustic
imaging modalities and their main applications.

6. RSOM and diabetes: Where do we stand?

Experience on the use of RSOM for early detection of microvascular
dysfunction in DM comes from two clinical studies conducted by teams
under the leadership of Professor Ntziachristos, as summarised in
Table 2.

He et al. [51] employed ultra-wideband RSOM (UWB-RSOM) to
assess the impact of DM on the skin, providing novel in vivo insights into
how dermal and epidermal characteristics relate to diabetes-associated
complications. This study included 95 subjects with DM (both type 1
and 2) and 48 healthy volunteers without DM. Mean DM duration was
20 + 16 years and mean glycated haemoglobin (HbA;.) was 7.1 £+ 1.1
%. [51]. Participants with DM were further divided into 3 subgroups: 1)
DM and no complications (n = 45, no DPN and no atherosclerotic car-
diovascular disease [ASCVD]), 2) DM with DPN but no ASCVD (n = 25),
3) DM with DPN and ASCVD (n = 25) [51].

Measurements were performed in the supine position [51]. RSOM
illuminated at 532 nm (green) and scanned with an ultrasound trans-
ducer with bandwidth ranging from 10 to 120 MHz and a central
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frequency of 50 MHz over a 4 x 2 mm? field of view. Each participant
was scanned at 2 symmetric regions over the pretibial region of the
distal lower limb [51].

To quantify the differences observed through visual inspection of the
RSOM images and to extract relevant label-free RSOM biomarkers, re-
searchers designed an RSOM image analysis pipeline. Based on this, 6
specific RSOM image features were analysed. In the dermal layer, these
features were: 1) total number of smaller vessels (<10-40 pm), 2) total
number of larger vessels (40-150 pm), 3) total vessel number and 4)
total blood volume. The remaining two features were 5) epidermal
thickness and 6) epidermal signal density [51]. The 40 um threshold is
commonly used to distinguish small arterioles and venules from larger
or smaller capillaries (5-10 um). Smaller vessels (<40 um) are located
within the epineurium and endoneurium (vasa nervorum) and their
ischaemic changes represent an underlying mechanism of DPN [63-65].

In healthy skin, RSOM revealed dense signals from the epidermal
layer along with a vascular network in the dermal layer, featuring
numerous blood vessels of varying diameters. In contrast, participants
with DM exhibited significantly reduced dermal vessel density, with a
distinct high-contrast boundary between the epidermal and dermal
layers. Total vessel count was 16.87 + 9.30 in DM participants vs. 30.12
=+ 9.87 in healthy volunteers (p < 0.01) [51]. Smaller vessels were 2.8
times fewer in the DM group than in volunteers (3.45 + 2.62 vs. 9.78 +
3.41 vessels, p < 0.001). The same was observed for larger vessels, with
amean of 13.39 + 11.30 vessels DM group compared with 20.34 + 8.32
vessels (p < 0.05). Analysis of the epidermal layer also showed signifi-
cant differences between the two groups. Mean epidermal thickness was
105.27 + 17.04 pm in healthy volunteers vs. 81.03 + 23.06 pym in
participants with DM (p < 0.05). Additionally, the signal density of the
epidermal layer, reflecting contributions from melanin and capillaries,
was significantly lower in DM participants (p < 0.05) [51].

These researchers [51] also investigated the relationship between
DPN and RSOM-derived data. To this purpose, they analysed RSOM
features from participants with DM without complications, as well as
those with varying severity of DPN. Severity of neuropathy was assessed
clinically using the Neuropathy Disability Score (NDS) and the Neu-
ropathy Symptom Score (NSS). DM participants were divided into 3
categories: no complications (NC, n = 45), low-score neuropathy (LN, n
=13;1 <NDS <5o0r1 <NSS <5), and high-score neuropathy (HN, n =
12; NDS > 5 or NSS > 5). RSOM images revealed a progressive decrease
in vascular density in the dermal region with increasing DPN severity.
The number of small vessels showed significant differences between the
3 DM groups, with comparisons of healthy vs. NC (p < 0.01), NC vs. LN
(p < 0.05), and LN vs. HN (p < 0.001). Healthy subjects exhibited the
highest number of small vessels, and this number became progressively
smaller with increasing severity of DPN [51].

He et al. [51] also analysed data between subjects with DPN and
ASCVD (n = 25) and those with DPN alone (n = 25). Significant dif-
ferences were observed in the numbers of small, large, and total vessels
between the group with and the group without atherosclerosis. Fewer
small vessels were seen in participants with DPN and ASCVD than in
those with DPN alone [51]. The number of small vessels exhibited the
most significant difference (p < 0.001), followed by the number of total
vessels (p < 0.01) and the number of large vessels (p < 0.05), suggesting
its potential as a differentiating biomarker between healthy subjects and
those at various stages of DM complications [51].

In the other study, Karlas et al. [52] demonstrated that morpho-
physiological characteristics obtained from RSOM images can link skin
microangiopathy phenotypes with DM complications. A clinically
interpretable Artificial Intelligence (cxAI) approach was applied to
RSOM skin images with the aim of linking skin characteristics with
diabetes-related complications [52]. They obtained 199 RSOM images
from 115 participants (40 healthy and 75 with type 1 or type 2 DM).
Participants with DM were further divided into 3 subgroups: 1) group A:
DM without complications (DPN or ASCVD), 2) group B: DM and either
DPN or ASCVD, and 3) group C: DM with both DPN and ASCVD [52].
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Fig. 1. A) setup forRaster-scan Optoacoustic Mesoscopy (RSOM). Controller: Motion controller for motorised stages, PC: Computer. b) RSOM’s principle of operation.
After affixing the handheld probe to the skin surface, light is pulsed repeatedly to excite ultrasound (US) waves within tissue while the ultrasound detector is moved
in a raster pattern along the XY plane to collect ultrasound signals emitted by absorbers. The ultrasound waves are then used to mathematically reconstruct images of
the optical contrast that produced them. ED: epidermal layer, DE, dermal layer. c¢) A one-dimensional (1D) ultrasound signal is recorded by the detector at each
scanning point (green circle) for each light pulse. d) The recorded 1D ultrasound signals are then reconstructed into a volumetric three-dimensional (3D) image. High-
frequency (green) or low-frequency (red) signals show the finer or coarser vasculature, respectively. The epidermal/subpapillary vascular plexus is found between the
white dotted lines. Adapted from Karlas et al. under a CC-BY 4.0 license [Karlas A et al. Dermal features derived from optoacoustic tomograms via machine learning
correlate microangiopathy phenotypes with diabetes stage. Nat Biomed Eng 2023;7(12):1667-1682]. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

Participants were scanned with the RSOM system described before over
the distal anterolateral region of the dominant leg (~15 cm above the
ankle joint). Using cxAl, 32 explainable features were identified. These
were further categorised into 3 scales of architectural detail: the
microscale (<100 pm), the mesoscale (~100-1,000 pm) and the
macroscale (>1,000 pm). The mesoscale, which defines the structure
and arrangement of the microvascular network, (for example number of
vessels in the dermal layer, number of junction-to-junction branches in
the dermal layer) was more affected by presence of DM and its com-
plications (DPN and ASCVD) compared with microscale and macroscale
features [52]. The most noticeable changes associated with presence of
diabetic complications included 1) a reduction in the number of
junction-to-junction dermal layer branches, 2) a consistent increase in
the number of vessels in the epidermal layer, and 3) a steady decrease in
the number of junction-to-junction dermal layer branches [52].

Karlas et al. [52] also combined the aforementioned 32 skin features
into a single “microangiopathy score”. This score demonstrated an
ability to distinguish DM participants from volunteers with an area
under the receiver operating characteristic (ROC) curve (AUC) of 0.84,
showing 80% sensitivity and 78% specificity. The “microangiopathy
score” of DM subjects (0.76 + 0.13) was higher than that of healthy

volunteers (0.56 + 0.16), (p < 0.001) [52]. This difference remained
significant after controlling for age, suggesting a potential utilisation of
RSOM for differentiating healthy individuals from subjects with DM
[52].

7. Discussion

Microvascular complications of DM develop due to increased
oxidative stress, i.e. through the accumulation of reactive oxygen spe-
cies (ROS) and enhanced inflammation [63-66] and increase morbidity
[65,66]. Given that microvascular changes may develop early, before
the onset of clinical symptoms [2,66], they could be used to monitor the
onset of DM and its complications.

Microvascular complications similar to those of diabetic retinopathy
and diabetic kidney disease may also develop in the skin [67,68].
Moreover, the skin may contribute to their timely detection by virtue of
being the largest and most accessible organ of the human body. There-
fore, the development of modalities that can accurately capture the
cutaneous micro-vascularisation may enable novel diagnostic and
therapeutic abilities in DM detection and management.

The importance of skin as a diagnostic window in DM has been
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Table 2
Clinical studies of Raster Scan Optoacoustic Mesoscopy in DM.

Authors Study Image acquisition Main Findings

population
He 143 subjects: ~ UWB-RSOM 1. As diabetic
etal®®  95DM laser wavelength: 532 microvascular
subjects nm complications develop, the
48 healthy US transducer: 10 - vascular density in the
volunteers 120 MHz dermal layer decreases and
2 symmetric 4x2 mm? the epidermis becomes
regions over the thinner and less light
pretibial area of the absorbing.
distal lower limbs 2. RSOM able to classify
participants with DM based
on skin microvasculature
changes. (density of vessels
< 40 pm in diameter was
the most indicative marker
of presence of diabetic
microvascular
complications).
3. Small vessels number can
be used as differentiating
biomarker among healthy
subjects and DM subjects
with microvascular
complications.
Karlas 115 subjects: ~ UWB-RSOM 1. RSOM features that
etal®® 75DM laser wavelength: 532 belong to the mesoscale,
subjects nm which describes the
40 healthy US transducer: 10 — morphology and
volunteers 120 MHz organisation of the
(199 RSOM 4x2 mm? region, distal  microvascular network, are
images) anterolateral area of more sensitive to DM and

the dominant leg (~15
cm above ankle)

presence of diabetic
microvascular
complications.

2. microangiopathy score:
(comprising RSOM imaging
features) was found to be
higher for DM subjects than
that of healthy volunteers
(p < 0.001)

UWB-RSOM, ultra-wide band Raster Scan Optoacoustic Mesoscopy; nm, nano-
metres; US, ultrasound; MHz, megahertz; mm?, square millimetres; RSOM,
Raster Scan Optoacoustic Mesoscopy; pm, micrometres; cm, centimetres; DM,
diabetes mellitus.

demonstrated through the use of photoplethysmography (PPG) [69].
PPG primarily captures signals related to blood volume changes in the
microvascular bed, influenced by arterial pulsations. Although PPG does
not directly measure the skin, its signals are acquired through it, with
their quality impacted by skin condition and optical properties. In dia-
betes, PPG captures heart rate, heart rate variability (HRV), and wave-
form morphologies, offering insights into diabetic vascular changes,
such as endothelial dysfunction and arterial stiffening [69-71].

In this context, RSOM has the potential to offer information on early
microvascular changes in the skin and possibly contribute to detection of
diabetic complications [51,52]. With a combination of strong contrast
from haemoglobin, tissue penetration that goes far beyond optical mi-
croscopy and superb three-dimensional resolution due to wide band-
width, RSOM is an ideal modality for detailed three-dimensional
visualisation of cutaneous microvasculature. RSOM further achieves
resolution in few tens of micrometers or better along all three geomet-
rical dimensions. Therefore, it is the only modality that has demon-
strated high-resolution cross-sectional images of the skin in vivo. This
unique performance opens up new possibilities for exploring cutaneous
features in 3 dimensions and provides innovative approaches for disease
detection through the skin, surpassing what can be achieved with
traditional superficial examination techniques. Additionally, the
detailed images produced by RSOM can facilitate precise analytics
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through computational image analysis tools, enabling quantification of
microvascular changes and other morphological features [52].

From a practical point of view, RSOM is already commercially
available, with a cost around 200,000 Euros, which is expected to sub-
stantially decrease during the next years. This renders it easily accessible
for research and potential clinical applications. As technology evolves,
its integration into routine diagnostic workflows may become more
feasible, further enhancing its cost-effectiveness over time [72]. More-
over, RSOM is a user-friendly imaging modality that does not require
specialised engineering or technical expertise, making it accessible to
clinicians. After an initial familiarisation period with the device, system
interface, and software, users can quickly achieve high-quality mea-
surements. With continued use, proficiency improves, allowing for
efficient data acquisition and interpretation. While no formal studies
have quantified the learning curve, experience suggests that clinicians
can reliably use RSOM after a relatively short period of hands-on prac-
tice. Its operation ensures that, beyond basic training, no extensive
technical background is required for effective use in a clinical setting.
Additionally, although there are no formal studies on the reproducibility
of RSOM, the modality’s high-resolution imaging and consistent tech-
nology suggest that it may provide reliable results across different users
and settings. Naturally, as with any imaging technique, reproducibility
is influenced by operator skill and device calibration. However, given its
straightforward operation and minimal technical demands, RSOM is
expected to demonstrate a high degree of reproducibility once proper
protocols are established.

Therefore, RSOM may offer several key advantages in the study and
clinical management of DM. First, it provides non-invasive, portable,
high-resolution imaging of skin microvasculature and tissue structure
without the need for contrast agents. Secondly, RSOM has shown the
potential of not only differentiating healthy individuals from subjects
with DM, but also of using objective and quantifiable cutaneous features
as biomarkers of the onset of DM and its complications. Furthermore, its
ability to integrate functional and morphological data represents an
opportunity to study the evolution of microvascular perturbations,
increasing our understanding of their pathogenesis.

A further potential implication of RSOM in the future might be the
study of neo-vascularisation in patients with diabetic foot ulcers (DFUs).
It has already been shown that the lowest density of small vessels was
observed in the presence of advanced DPN [51], which is a recognised
risk factor of DFUs [4,19]. It remains to be shown whether RSOM
findings of reduced neo-vascularisation suggest a risk of poor DFU
healing and whether this knowledge might be of relevance for patient
treatment and monitoring.

Moreover, it is well established that genome-wide association studies
have identified (and continue to identify) independent genetic loci
associated with type 2 DM and its microvascular complications [73,74].
Therefore, work is progressing on using RSOM within a framework for
early damage detection for DM prevention by combining optoacoustic
phenotypes with specific genotypic and multi-omic analyses.

However, RSOM has some limitations. Currently, available data
originate from only two single-centre studies with a limited number of
patients. Larger, multi-centre studies or works from additional centres
are necessary to generate new, more comprehensive data. Moreover,
skin changes have only been correlated with DPN. Thus, it would be
useful to correlate RSOM findings with retinopathy and chronic kidney
disease (CKD), each with its own staging systems. Such data will enable
a more thorough insight into the development and progression of
microvascular disease in DM. Finally, no studies have yet compared
RSOM with other diagnostic methods, notably corneal confocal micro-
scopy or skin biopsy, in detecting microvascular complications in dia-
betes. Such studies will contribute towards ascertaining the comparative
diagnostic value of RSOM.

In conclusion, assessment of skin microvasculature could lead to a
novel means of monitoring the onset of DM and its complications, as
well as the development of vascular complications, allowing
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quantification of the true burden of the disease on the vascular system
rather than disease course predictions offered by risk factors. A non-
invasive, portable, and label-free technology like RSOM could be
essential for providing quantitative metrics in high-risk populations and
assessing potential interventions and in prevention programmes.
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