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Optical Techniques to Assess Cutaneous
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Evelien Hermeling , Rosa-Maria Bruno, and Matti Kaisti

(Methodological Review)

Abstract—Microcirculation is essential for maintaining
tissue health and overall physiological function. Over the
past few decades, various optical techniques have been
developed to measure, visualize, and assess microvas-
culature. The skin has easily an accessible vascular bed
allowing for noninvasive evaluation of microvascular func-
tion. Alterations in cutaneous microcirculation have been
linked to dysfunctions in other target organs and vascular
regions reinforcing the idea that cutaneous microcircula-
tion can provide insights into systemic vascular conditions.
Currently, there is no unified review focusing specifically
on microcirculation-related optical techniques nor com-
prehensive analyses connecting these technological inno-
vations to clinical evidence. This review aims to bridge
that gap by systematically examining the wide spectrum
of optical technologies used in assessing cutaneous mi-
crovascular function. We review techniques based on non-
coherent light including oximetry, photoplethysmography,
and microscopic methods and coherent light-based tech-
niques, including speckle contrast imaging, diffuse correla-
tion spectroscopy, photoacousting imaging, laser Doppler
flowmetry and self-mixing interferometry. We emphasize
cardiovascular research and evaluate the clinical relevance
and technical maturity of the techniques. Additionally, brief
explanation of skin structure and skin microvasculature
while explaining light skin interaction is discussed. Lastly,

Manuscript received 26 June 2025; revised 23 October 2025 and 24
November 2025; accepted 26 November 2025. This work was supported
by the European Union’s Horizon Europe Research and Innovation Pro-
gramme under Grant Agreement 101115492. (Corresponding author:
Matti Kaisti.)

Inka Mustajoki, Tuukka Panula, Jukka-Pekka Sirkiä, Maria Kjellman,
Katri Karhinoja, and Matti Kaisti are with the Department of Computing,
University of Turku, 20500 Turku, Finland (e-mail: mkaist@utu.fi).

Julien Riancho, Smriti Badhwar, and Rosa-Maria Bruno are with the
INSERM, INSERM UMRS 970, Paris Cardiovascular Research Centre
– PARCC, 75015 Paris, France.

Jorge Herranz Olazabal and Evelien Hermeling are with IMEC NL,
5656 AE Eindhoven, The Netherlands.

Maria Maia is with the Karlsruhe Institute of Technology (KIT), Insti-
tute for Technology Assessment and Systems Analysis (ITAS), 76133
Karlsruhe, Germany.

Sam Riahi is with the Department of Clinical Medicine, Aalborg UH,
9000 Aalborg, Denmark.

Yannis Papadopoulos is with the School of Applied Mathematical
and Physical Sciences, National Technical University of Athens, 15772
Zografou, Greece.

Digital Object Identifier 10.1109/RBME.2025.3644411

we discuss these findings on wider context by including
discussions and advancements in multimodal monitoring
and machine learning.

Index Terms—Cardiovascular disease (CVD), hyperspec-
tral imaging (HSI), laser Doppler flowmetry (LDF), laser
speckle contrast imaging (LSCI), microvascular function,
near-infrared spectroscopy (NIRS), photoacoustic imaging,
photoplethysmography (PPG).

I. INTRODUCTION

M ICROCIRCULATION refers to the blood circulation
of the smallest vessels consisting of arterioles, capil-

laries and post capillary venules. The microvasculature is a
terminal network of the systemic network, and it is responsible
for regulating blood flow and pressure through vascular tone,
maintaining tissue perfusion, oxygen transport and supporting
cellular metabolism [1], [2], [3].

Changes in skin microcirculation have been associated with
alterations in various target organs and vascular beds, reinforcing
the idea that skin microcirculation can serve as a representative
model for overall microvascular function [1], [4]. Dysfunction
in skin microcirculation has been documented in individuals
with cardiovascular disease (CVD) and those at increased car-
diovascular risk, where it correlates with multiple risk factors.
This suggests its potential use as a surrogate marker for vascular
damage [5]. More specifically, impaired microvascular function
has been linked to various conditions and diseases, including
hypertension, microcirculatory dysfunction, heart failure, dia-
betes, and obstructive sleep apnea [6]. Furthermore, mechanisms
behind the changes in cutaneous microvasculature and disease
have been studied [7], [8], [9], [10]. For example, coronary artery
disease patients have shown impaired microvascular function in
reactivity tests performed with laser Doppler flowmetry (LDF)
and laser speckle contrast imaging (LSCI) [10], [11] whereas
hypertensive patients have shown reduced skin blood flow [12]
and vasoreactivity [13], and impaired recruitment of perfused
capillaries [14]. Moreover, finger microcirculation in congestive
heart failure has been shown to deteriorate as a function of the
severity and duration of heart failure [15].
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TABLE I
SUMMARY OF REVIEWED TECHNIQUES FOR ASSESSING CUTANEOUS MICROVASCULAR FUNCTION, THEIR CLINICAL ASSOCIATIONS AND TECHNICAL

DIFFERENCES

Consequently, the importance of assessing microcircula-
tion has gained recognition in studies investigating the patho-
physiology of CVD and the stratification of cardiovascular
risk [16]. The skin, as an easily accessible vascular bed, offers
a convenient site for non-invasive evaluation of microvascular
function.

In this article, we review techniques for assessing cutaneous
microvascular function, with a focus on those relevant to mon-
itoring cardiometabolic diseases. We begin by outlining the
principles of optical sensing, including the interaction between
light and skin. This is followed by an overview of key optical
techniques, encompassing both commercially available methods
and those in the research phase. For each technique, we describe
the operating principle and summarize recent medical evidence

supporting its use. An overview of the techniques and their
clinical relevance is presented in Table I. Finally, we briefly
explore emerging research directions, such as multimodal mon-
itoring and the integration of machine learning, before conclud-
ing with a discussion. Although several existing reviews discuss
microvascular evaluation in general, they often encompass a
wide range of techniques, including biochemical assays, var-
ious imaging approaches, and other non-optical modalities. In
contrast, our review focuses exclusively on optical technologies,
providing a unified work that integrates technical principles and
recent clinical information within the optical domain. Further-
more, unlike previous reviews that address either technological
aspects or clinical applications separately, our work tries to
bridge these two dimensions.
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Fig. 1. The functional layers of the skin along with the structure of the
blood vessels. The approximate penetration depth of light into skin is
presented as an overlay.

II. PRINCIPLES OF OPTICAL SENSING

A. Skin Structure and Microvasculature

The skin consists of three functional layers: epidermis, der-
mis, and hypodermis (see Fig. 1) [100]. The epidermis functions
as the protective surface layer, forming a physical and chemical
barrier against environmental factors. This bloodless layer varies
greatly in thickness depending on body location, from less than
0.1 mm on the face to 1–5 mm on the soles of the feet [100].
Beneath the epidermis is the dermis that contains two important
plexuses of cutaneous microcirculation: an upper horizontal
network in the papillary dermis from which the capillary loops
arise and a lower horizontal plexus at the junction of the dermis
and the hypodermis below it. The two plexuses are connected
by ascending arterioles and descending venules. The papillary
dermis contains most of the microvasculature [2]. The deepest
layer, the hypodermis, consists of connective tissue with fat cells,
which together act as a cushion and a storage of energy [100].
The larger perforating blood vessels in the hypodermis connect
to the lower plexus in the dermis [2].

B. Interaction of Light With Skin

The interaction of light with the skin is determined by its
optical properties. In a typical setup, a light source and a pho-
todetector or camera are used to detect photons after their inter-
action with tissue. A clear distinction exists between contact and
non-contact sensing methods. A non-contact setup is influenced
not only by diffuse reflection, as in contact sensing, but also
by specular (mirror-like) reflection from the skin surface, as
illustrated in Fig. 2 [101]. Specular reflection does not carry any
direct subcutaneous information and is usually removed during
signal processing. These reflections are also sensitive to minor
alterations in the optical path caused by body motion. Some of
this motion originates from ballistic forces that repeat with each
cardiac cycle. While these forces are used to record ballistocar-
diograms, they are generally considered noise in optical sensing.
Notably, specular reflection can be the dominant component in
the detected signal. In contrast, the diffuse reflection which is
the primary component in contact sensing, is associated with the
propagation of light within the skin.

Fig. 2. Skin light interaction. As light travels through the skin, it may
be absorbed by molecules, such as hemoglobin or melanin, or scatter
across multiple points within the tissue. The scattered light that returns
to the surface can then be detected by photodetectors or camera. Black
lines indicate photon paths that reach the sensor and gray lines indicates
those that do not reach the sensor.

Fig. 3. Absorption spectra of skin chromophores. For microcirculation
assessment, both oxygenated and deoxygenated hemoglobin are area
of special interest but other chromophores have to be taken account.
The approximate penetration of light to skin based on a simulation [106]
is presented with gray hue. The hemoglobin spectra are adopted from
https://omlc.org/spectra/hemoglobin/summary.html.

Skin is a turbid medium, where light propagation is deter-
mined by reflection, refraction, scattering, and absorption. In
the spectrum of visible light, approximately 4–7% is reflected
by the surface of the skin, whereas the remaining portion is
refracted [102], [103]. The refractive indices at the boundary of
different media determine how light propagates from one layer
to another [100]. During propagation, light undergoes scattering
events caused by interactions with small regions that have optical
properties different from the surrounding tissue, altering its
direction [103]. Only a very small fraction of light is inelastically
scattered (leading to a change in wavelength), whereas the vast
majority is elastically scattered. The propagation can result
in either photons escaping the skin into the outside medium
(e.g., air) or absorption, where the photon energy is thermally
dissipated [100].

In most soft tissues, penetration depth is primarily determined
by their optical properties [104]. Fig. 3 illustrates the absorption
spectra of endogenous tissue chromophores, highlighting the
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strong wavelength-dependent attenuation of light in tissue. In
the epidermis and dermis, absorption in the spectral range of
visible light is mainly determined by melanosomes containing
melanin and components of blood (hemoglobin and its deriva-
tives) [100], [105] whereas water dominates in the near-infrared
(NIR) range [100]. Scattering is higher in the epidermis than in
the dermis or hypodermis due to the epidermal melanin content.
In the dermis, scattering is dominated by collagen fibers, with
collagen also playing a role in the scattering properties of the
hypodermis along with elastin [100].

In general, the penetration depth of light into the skin increases
with increasing wavelength in the visible-light range [106].
This is due to the decreasing absorption by melanin and
hemoglobin [100]. At approximately 600 nm there is a steep
decrease in the absorption of hemoglobin, resulting in a steep
increase in penetration depth [106]. The penetration ability
begins to decrease after approximately 900 nm [106], at which
point the absorption of light due to water and lipids begins to
gradually increase [100].

Penetration depth also strongly depends on source-detector
separation where shorter distances probe superficial layers,
whereas larger separations reach deeper tissues, such as the
dermis or hypodermis, depending on wavelength. Signal attenu-
ation has been found to be significantly affected by the scattering
properties of blood and the probed tissue volume as well as
photon path length reducing the amplitude [49], [107].

It has also been observed that probe contact pressure can
significantly impact the depth of light penetration [108], [109].
Contact pressure influences significantly measurement charac-
teristics in contact-based methods, especially affecting PPG sig-
nal quality [110]. While current devices lack effective solutions
for these pressure-induced variations, non-contact techniques
such as hyperspectral imaging eliminate this limitation. One
explanation for deeper light penetration with increased pressure
is that blood is pushed out of smaller vessels in the superficial
layers at relatively low contact forces, reducing light attenuation
by blood. Another, although smaller, effect is tissue compression
altering the optical path of light by modifying the physical
properties of tissue, such as reducing thickness and changing
scattering characteristics. This combination of effects leads to
variations in light penetration depth at different levels of contact
pressure.

Light–tissue interaction is complex, and one common ap-
proach to estimating it is through Monte Carlo simulations [111],
[112]. By incorporating the optical properties of skin into a tissue
model, and the characteristics and geometry of both the light
source and detector, it is possible to estimate the propagation
path of light including penetration depth and to identify how
different components in the system affect the propagation. A lim-
itation of such simulations is their static nature, which does not
account for the dynamic behavior of blood flow. The limitation
of Monte Carlo simulation is in its static nature, which cannot
account for the dynamic behavior of blood flow. However, recent
advances in fluid-structure interaction algorithms, which couple
blood flow dynamics to vessel wall mechanics and capture
phenomena such as arterial compliance, wall deformation, and
pressure wave propagation, may offer a means to overcome this
limitation [113].

III. TECHNIQUES BASED ON NON-COHERENT LIGHT

A. Oximetry

Optical properties of hemoglobin vary depending on its
oxygenation state resulting in distinct absorption spectra for
oxygenated and deoxygenated hemoglobin (see Fig. 3). Pulse
oximetry is a technique based on photoplethysmography (PPG)
which estimates peripheral oxygen saturation (SpO2), that de-
scribes percentage of oxygenated hemoglobin in circulatory
blood. Pulse oximeters measure the pulsatility of the blood and
use different parts of the signal to determine changes in light
absorbance [114], [115]. Whereas SpO2 is used as an estimate of
percentage of oxygenated hemoglobin in systematic circulation,
StO2 (tissue oxygen saturation) evaluates locally oxygenation
level of arterioles and other superficial vessels of tissue. Thus,
StO2 does not need the pulsatile component of the PPG. Besides
of red and infrared wavelengths used in pulse oximeters, StO2

can also be obtained with shorter wavelengths, because focus
is on the most superficial vessels (see Fig. 3). StO2 values
in normal, healthy, state varies from as low as below 60% to
over 90%. The range of StO2 values depends highly on the
measurement site and tissue as well as used device [116], [117],
[118].

An important clinically relevant application of StO2 is tissue
flap monitoring. Traditionally the reconstructed flaps are moni-
tored by medical personnel with a hand-held Doppler ultrasound
device and other (visual) evaluation criteria, which do not allow
continuous monitoring of the flap leading to greater probability
of failure. StO2 devices enable continuous monitoring of skin
flaps and decreases risk of failure [58]. Clinically StO2 is mea-
sured using either near-infrared spectroscopy (NIRS) [119] or
visual light spectroscopy (VLS) (for example T-Stat, Spectros
Medical Devices, USA) [120].

1) Near-Infrared Spectroscopy: Light spectroscopy stud-
ies the composition of matter by examining how it interacts with
electromagnetic radiation. This interaction generates a spec-
trum, a pattern of light intensities across different wavelengths,
that is indicative of the optical properties of the material being
studied. By analyzing this spectrum, molecular, chemical and
physical properties of tissue can be studied and quantified [121],
[122]. Light spectroscopy techniques that uses wavelength in the
range of 700 to 1100 nm are called near-infrared spectroscopy
(NIRS).

NIRS has been used for free flap oxygenation monitoring
and detection of decreased tissue perfusion, and it has been
reviewed in several papers [25], [123], [124]. NIRS provides a
higher skin flap salvage and overall flap survival rate compared
to clinician’s assessment only because compromised blood flow
in the skin can be more easily detected. NIRS has also been used
with a vascular occlusion test (VOT) to evaluate microvascular
function in different populations. VOT involves supra-systolic
occlusion at the measurement site for 5 minutes and comparison
of the changes in StO2 kinetics before and after the release of
occlusion.

NIRS-derived indices of microcirculatory function measured
at the forearm have been reported to be reduced in middle
aged and elderly compared to young participants [17], [18],
[19]. A difference between sexes has also been reported in
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NIRS-derived StO2. Females show greater reperfusion
rates at both forearm and quadriceps as compared
to males [125]. In a study comparing NIRS-derived
indices measured at the foot, patients with peripheral
arterial disease (PAD) showed significantly impaired
microvascular function compared to age-matched
healthy controls [20]. Microvascular responsiveness may be
altered in CVDs and conditions with increased risk of CVD [21],
[22]. The effects of COVID-19 and post-COVID-19 symptoms
even after recovery (long-COVID) on the vasculature has
been well established. Evidence of microvascular dysfunction
was reported in patients of COVID-19 during a VOT using
NIRS [23]. Furthermore, using the same technique, patients with
long-COVID showed an impaired microvascular responsiveness
during the occlusion phase of VOT compared to patients with
CVD [24].

Despite the wide use in clinical setting, NIRS has some
drawbacks. Currently, the use of NIRS is limited to cutaneous
measurements from the skin, since the sterility of the measuring
probe cannot be guaranteed [58]. In addition, NIRS shares the
typical challenges of spectroscopic measuring techniques, such
as the effect of melanin and error caused by external light irradi-
ation. Furthermore, NIRS is not limited to microcirculation, as
NIR light penetrates up to 5 mm to skin, measuring information
from both micro- and macrovasculature.

2) Visible Light Spectroscopy: Visible light spectroscopy
(VLS) relies on visible light (wavelengths between 400 nm
and 700 nm) in vascular monitoring. Since VLS uses visible
light, it is shallow-penetrating and thus monitors local blood
flow in smaller vascular structures. Only penetrating 2 mm into
the tissue on average, VLS is used to measure capillary satu-
ration, whereas near-infrared wavelengths measure the overall
oxygenation in arterial, venous and capillary vascular compart-
ments [33].

Combination of VLS and NIRS is used in commercial Spatial
frequency domain imaging (SFDI) system, and with that differ-
ent microcirculatory patterns were observed in two patients with
neuropathic vs neuro-ischemic diabetic foot ulcers [32].

VLS requires a significantly smaller volume of tissue to
monitor the blood flow compared to NIRS [34], [35]. Another
advantage of VLS compared with NIRS is the narrower normal
range in oxygenation percentages (± 3% and ± 9%, respec-
tively) [36]. Thus, the advantages of VLS is its potential to
monitor oxygenation in significantly smaller tissue volumes
and to be incorporated to small structures such as pins or
needles to monitor the oxygenation in vivo. This advantage
results from smaller penetration depth, however, this also lim-
its the use of VLS to only the very surface of the tissue of
interest.

B. Photoplethysmography

Photoplethysmography (PPG) is a non-invasive optical moni-
toring technique widely used in both clinical and health/activity
monitoring settings, providing information ranging from physi-
ological parameters to the assessment of vascular and autonomic
functions [44]. A PPG signal can be acquired from the skin using

Fig. 4. i) Reflectance mode PPG sensor. ii) transmission mode PPG,
iii) MW-PPG configuration with three wavelengths. iv) NIRS configu-
ration with an NIR light source and two photodetectors at different
distances.

inexpensive and widely used components, a light-emitting diode
(LED) and a photodetector [45]. Traditionally PPG is recorded
using a sensor in direct contact (contact PPG) with the skin.
However, using an RGB camera PPG waveform can be collected
from a distance (remote PPG).

The operating principle of PPG relies on absorption of light
by hemoglobin contained in the blood. The increased blood
volume absorbs more of the light illuminated by the light source,
leading to a decrease in the light intensity registered by the
photodiode and thus a decrease in the PPG signal. Conse-
quently, the subsequent decrease in peripheral blood volume
during diastole leads to an increase in the PPG signal. The
resulting cyclic and pulsatile part of the PPG signal, reflecting
the activity of the heart, is commonly referred to as the AC
(alternating current) component. This component is superim-
posed onto a significantly larger but slowly varying baseline,
commonly referred to as the DC (direct current) component. The
DC component is related to non-pulsatile absorption of light,
such as average blood volume and tissues, and its level varies
due to respiration, sympathetic nervous system activity, and
thermoregulation [46].

PPG is widely adapted and studied technique, foremost due
to the simplicity of the technique. A PPG signal can be ac-
quired from the skin using inexpensive and widely used compo-
nents [45]. The reliability of PPG measurements is challenged
by various factors affecting signal quality. These include ab-
sorption variations due to skin chromophores (e.g skin color),
perfusion changes caused by temperature fluctuations, motion
artifacts, and measurement instability from varying contact
pressure [126]. Different combinations of visible-to-infrared
wavelengths have been proposed to address the challenges [127],
[128], [129].

1) Contact Photoplethysmography: The light source and
the photodiode can be placed either on the same side of the skin
(reflection mode), or on the opposite sides of a sufficiently thin
body part (e.g., a fingertip or an earlobe), known as the transmis-
sion mode [44], [46]. Fig. 4 illustrates operating modes of PPG.
In a transmission-mode PPG sensor, the photodiode detects light
that passes through the body part, whereas in reflection-mode,
the photodiode captures light that is backscattered and reflected
from the tissue. Reflection-mode PPG sensors are widely used in
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commercial products due to their versatility, allowing placement
on various body sites such as the wrist and finger.

While traditional PPG uses a single wavelength to probe arte-
rial blood, multiwavelength PPG (MW-PPG) combines multiple
light sources to target different layers of skin vasculature [130].
A common approach is to combine three wavelengths in the
approximity of red, infra-red and green lights, which are often
used in wearable devices. Sensor manufacturers offer a variety
of integrated PPG sensor packages with this combination of
LEDs. Recently, a system combining an MW-PPG sensor with a
mechanism to control sensor contact pressure has been proposed
to estimate mean blood pressure at different depths of the skin.
Such a system allows estimation of blood pressure not only from
large arteries located deep in the skin, but also from smaller, more
superficial vessels of the microcirculation [108], [109].

The shape of the PPG waveform can provide information
about the status of the microcirculation in health and disease.
Changes in the shape of the PPG waveform have been de-
scribed with respect to age and location of the sensor on the
body [37]. There is a rightward shift in the peak of the pulse
wave and diminishing of the dicrotic notch with increasing
age [37]. Similar alterations are observed in PPG of patients with
vascular damage such as hypertension, diabetes and peripheral
arterial disease [38], [39], [40]. Nitroglycerin administration is
able to normalize wave shape in hypertensive patients [38]. In
children and adolescents with Type 1 diabetes, microcirculatory
PPG were observed in those with neuropathy [39], whereas in
middle-aged and elderly patients with Type 2 diabetes PPG curve
shape alterations are visible regardless of microangiopathy [41].

PPG has also been used to evaluate microvascular dysfunction
in cardiac and systemic vascular diseases. The change in PPG
in response to exercise was lower in patients with myocardial
ischemia as opposed to those without ischemia indicating im-
paired peripheral microcirculation in these patients [131]. Pe-
ripheral microcirculation can also be impaired due to alteration
of cardiac rhythm such as with atrial fibrillation. PPG based
measurement of microcirculation has been used to evaluate
the improvement in microcirculation after restoration of sinus
rhythm by cardioversion [132]. In conclusion, changes in mi-
crovascular function with aging and cardiovascular risk factors
are associated with alterations in PPG wave shape although there
is no clear evidence on the specificity and clinical utility on these
changes.

2) Remote Photoplethysmography: Remote PPG (rPPG)
applies the principles of PPG to a remote monitoring system
using a camera instead of a direct-contact sensor (see Fig. 5) [47],
[133]. In essence, it enables contactless monitoring in situations
where maintaining physical contact with the PPG sensor is
impractical or difficult, such as when driving a car [134] or
monitoring a neonate in an incubator [135].

The cameras used for rPPG range from high-speed imaging
systems to low-cost webcams, typically operating at sampling
rates of 30 frames per second or less [136]. Most studies use
cameras with standard red, green, and blue (RGB) channels,
although specialized setups such as five-band cameras [137] and
NIR cameras [138] have also been explored. Illumination can
range from ambient light to artificial sources or a combination
of both [136].

Fig. 5. Remote non-coherent techniques. Remote PPG uses a
CMOS/CCD camera to capture the pulsatile waveform from different
areas of the image. Red, green and blue channels are often recorded.
Hyperspectral imaging extends the channel count to allow recording in
hundreds of wavelengths.

The process of converting video frames into a plethysmo-
gram involves signal extraction and estimation [48]. In signal
extraction, a region of interest (ROI) is detected and tracked
using machine learning techniques. The color channels of each
frame within the ROI are then spatially averaged to calculate
the raw signals [47], [48]. In the signal estimation phase, the
signals are filtered, and a channel or combination of channels is
selected for further processing using methods such as principal
component analysis (PCA), independent component analysis
(ICA), or model-based approaches [48], [136]. Heart rate is the
most commonly derived parameter, but rPPG signals have also
been used to calculate heart rate variability, respiratory rate, and
SpO2, as well as to detect atrial fibrillation [139].

C. Hyperspectral Imaging

Hyperspectral imaging (HSI) combines spectroscopic and
digital imaging principles to produce three-dimensional data. As
traditional cameras capture the red, green, and blue frequency
bands, a hyperspectral camera is able to capture more channels
across the electromagnetic spectrum - wavelengths ranging from
visible to near-infrared light. The terms hyperspectral and multi-
spectral imaging are often used interchangeably, but they differ
in the number of spectral bands they capture. The principles
of HSI have been described in detail in [51]. The principle of
hyperspectral imaging is shown in Fig. 5.

HSI provides various outputs depending on clinical require-
ments, including StO2, tissue hemoglobin index, near-infrared
perfusion index, and tissue water index. Tissue hemoglobin in-
dex quantifies the relative amount of hemoglobin within the tis-
sue volume of interest. Additionally, the near-infrared perfusion
index reflects oxygenated hemoglobin in the microcirculation
of underlying tissue, while the tissue water index indicates the
relative water content within the total tissue volume. In summary,
HSI offers an objective, precise, and reproducible approach to
assessing tissue perfusion and hemoglobin oxygenation [50],
[58], [60], [61].

In medicine, HSI is used to non-invasively and without skin
contact to monitor tissue oxygenation saturation [59]. HSI has
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been studied on PAD in the lower limbs. Studies have demon-
strated the effectiveness of HSI in differentiating ischemic
areas from regions with normal blood flow [51]. PAD has
also been evaluated against common clinical practice and a
significant correlation was shown with transcutaneous oxygen
measurement (TCOM), ankle brachial index (ABI), and skin
temperature [52]. HSI parameters have been correlated with
disease severity represented by the Rutherford classification as
well as in diabetic patients with neuropathy [53]. In addition, it
has been shown that HSI could predict healing of diabetic foot
ulcers [54], [55], [56] HSI could therefore be a valuable tool for
assessing ischemic lesions and monitoring the progress of tissue
healing. Although HSI has not yet been implemented into routine
clinical use, these results demonstrate the potential of HSI in
various clinical scenarios. Furthermore, to date, no study has
correlated HSI with the presence of different cardiovascular risk
factors (hypertension, dyslipidemia, diabetes, arterial stiffness)
to predict the occurrence of cardiovascular events. HSI has been
studied against NIRS in free flap monitoring, compared with
clinicians assessment, which is still the gold standard. In a review
study [58] there was no clear difference between NIRS and HSI
performance, and neither outperformed clinical flap evaluation.

One advantage of HSI is its ability to measure without direct
skin contact. This provides the opportunity to use HSI in for
example operating rooms, where sterility is mandatory and thus
techniques requiring skin contact cannot be used. Contactless
measurement also allows for a larger surface area to be measured.
HSI outperforms methods that only measure blood flow be-
cause of its ability to differentiate oxygenated and deoxygenated
hemoglobin. Since tissue perfusion can be unaffected while oxy-
genation is compromised, HSI answers the critical question of
oxygen supply to the tissue of interest rather than only measuring
the blood flow [140]. The high cost of HSI systems—starting at
approximately USD 10,000 per camera—limits their widespread
adoption. Moreover, the large volume of collected data slow
down processing, restricting real-time analysis capabilities [59].

D. Microscopy

Microscopy is a technique that uses optical systems to mag-
nify and visualize structures too small to be seen with the naked
eye. Light microscopy has multiple applications in the context of
microvascular monitoring. Nailfold capillaroscopy, orthogonal
polarization spectral imaging and dark field imaging techniques
share characteristics such as using visible light excitation and
optical magnification to capture images. Furthermore, all these
techniques enable both structural and dynamic assessment of
microcirculation.

Microscopic techniques have limitations. While they do not
require laser optics, the inclusion of high-magnification com-
ponents introduces additional cost and optical complexity to
the system. Furthermore, because the system operates within
the visible light spectrum, its penetration depth is restricted
compared to NIR–based techniques. In the case of nailfold
capillaroscopy, the technology is applicable only to the nailfold
region of the microvasculature, limiting its use in assessing other
tissue sites.

Fig. 6. Optical schematic of an OPS configuration [62]. Tissue is
illuminated with linearly polarized light, and the camera detects only the
orthogonally polarized component of the backscattered light.

1) Nailfold Capillaroscopy: Nailfold capillaroscopy uses
visible light microscopy to assess the microvasculature at the
base of the fingernail [67]. At the nailfold, capillary loops run
parallel to the skin surface, unlike in other cutaneous tissues
where they are oriented perpendicularly. This makes the nailfold
an ideal site for direct visualization of capillary loops. The
procedure can be done using a traditional stereomicroscope or
by videocapillaroscopy, where the results can be accessed on
a computer. The parameters assessed for clinical use include
the density, diameter and morphology of the capillary loops as
well as hemorrhaging. These parameters can be used to differ-
entiate between sclerodermic and non-sclerodermic patterns. In
addition to structural imaging nailfold capillaroscopy has been
used to obtain blood flow dynamics by evaluation of moving
red blood cells (RBC) via high-speed imaging [141] . The usage
of nailfold capillaroscopy has been clinically established for the
diagnosis of systemic sclerosis and Raynaud’s phenomenon, but
lately it has been proposed for assessing e.g. diabetes and CVDs,
such as heart failure [142], [143], [144].

2) Orthogonal Polarization Spectral Imaging: Orthogo-
nal polarization spectral (OPS) imaging employs linearly po-
larized light in combination with a polarizing beam splitter and
a lens to illuminate a small circular area of skin, approximately
1 mm in diameter. Light reflected and backscattered from the
tissue passes through the beam splitter and an orthogonal po-
larizer positioned behind it before reaching a video camera.
The orthogonal polarizer blocks most of the directly reflected
polarized light, while allowing depolarized light, which has
undergone multiple scattering events within the tissue, to pass
through. This process effectively back-illuminates absorbing
structures, such as blood vessels containing light-absorbing red
blood cells, enhancing their visualization [62], [63]. Optical
schematic of an OPS configuration is illustrated in Fig. 6. The
recorded videos can be analyzed to measure functional capillary
density, RBC velocity, and small blood vessel diameter [62],
[145]. OPS can be used in clinical setting for measurement of
functional capillary density (FCD), and that has been validated
against conventional capillary microscopy [63].

3) Dark Field Imaging: Sidestream dark field (SDF) imag-
ing uses a ring of LEDs perpendicular to the skin and ar-
ranged concentrically around a light guide connected to a video
camera. The light guide focuses the LED light beneath the
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Fig. 7. Operating priciple of dark field illumination techniques.
(a) Probe configuration. The angle (θ) of the light source is the differ-
entiating factor in SDF and IDF [64]. (b) and (c) Outputs from SDF and
IDF, respectively. Microphotographs adapted from [148].

blood vessels and blocks specular reflection from the tissue
surface, ensuring optical insulation between the light guide
and the illuminating LEDs. Photons entering the light guide
result from scattering within the tissue, and similar to OPS,
absorbing structures like RBCs appear dark against a white or
grayish background. To enhance image quality, the LEDs are
pulsed in synchronization with the frame rate of the camera,
capturing the motion of RBCs more effectively. The LEDs
emit light at a central wavelength of 530 nm, the isosbestic
point of oxygenated and deoxygenated hemoglobin, ensuring
light absorption is independent of the RBC oxygenation state
while providing optimal contrast [64]. SDF is regarded as the
second generation of hand-held microscopes relative to the OPS
technique [146].

Compared to SDF, in incident dark-field illumination (IDF)
the LEDs are positioned at an angle to utilize the principles
of dark-field illumination described in [65]. The measurement
system is otherwise very similar to that in SDF but the an-
gled LEDs ensure that only scattered light reaches the light
guide [147]. SDF and IDF measurement system is shown in
Fig. 7. IDF is considered as the third generation of hand-held
microscopes [146].

There are few commercial devices using either SDF or IDF
in the market, mainly for sublingual microcirculation monitor-
ing [146]. Those devices can not be used for clinical decision
making but are useful tools assessing blood flow in the most
superficial blood vessels.

IV. TECHNIQUES BASED ON COHERENT LIGHT

A. Laser Speckle Contrast Imaging

Laser Speckle Contrast Imaging (LSCI) refers to a nonin-
vasive optical technique which makes use of the reflection of
coherent light to measure movement in tissues. Coherent light,
e.g. produced by a laser source, is formed by photons coherent in
wavelength and phase. These photons have the possibility to in-
teract between each other producing a pattern of constructive and
destructive interference at the target tissue. This effect is known
as speckle pattern [79]. These photonic interferences fluctuate
at the velocity of the scattering particles of the target volume,
where the speckle is formed. In other words, when the target
volume is static the speckle pattern will not fluctuate. When
this pattern is recorded by a sensor, e.g. complementary metal-
oxide-semiconductor (CMOS), the fluctuations of the speckle
are perceived as blurriness, which is related to velocity. This
technique allows for the measurement of two-dimensional tissue
perfusion maps [80]. Furthermore, addition of time-frequency
analysis enables examination of physiological mechanisms of
blood flow changes [149], [150].

Although the initial use of LSCI in the medical field was
mainly for retinal and cerebral applications, in recent years,
LSCI has begun to be used in the cardiovascular field, partic-
ularly through research to assess microvascular function. This
includes the assessment of microvascular skin perfusion (MSP),
especially in patients with cardiovascular risk factors and those
with established CVD. Several studies support the association
between MSP and cardiovascular risk. When one of the major
cardiovascular risk factors is present (hypertension, dyslipi-
demia, diabetes, or chronic kidney disease), MSP measurement
using LSCI appears to be reduced. More specifically, several
studies have shown that basal flow measured by LSCI and peak
flow stimulated by various stimuli, in particular transdermal
acetylcholine iontophoresis, as well as by other pharmacological
or physiological provocations, are reduced in the presence of one
of these risk factors [71], [72], [73], [74]. LSCI has also been
studied in patients with CVD although data remain limited. Data
show that it is significantly reduced in patients with coronary
artery disease compared with healthy individuals, and this re-
duction is reversible with appropriate cardiac rehabilitation [11],
[75], [76]. Furthermore, in a recent study LSCI was proven
to be potential for early diagnosis of PAD and diabetic foot
neuropathy [151].

Advantages of LSCI include combined microvasculature
visualization and potential to measure quantitive perfusion
data [149], achieved with real-time monitoring of local blood
flow variations through high frame rate imaging [151]. However,
the higher frame rates and image resolutions required in some
applications increase data volume, leading to greater system
complexity, higher costs, and computational delays in real-time
monitoring, which may limit the use of this technology [152].
Additionally, working with lasers poses more safety considera-
tions compared to LED-based techniques.

1) Speckle Plethysmography: Measuring LSCI in close
contact with tissue does not allow for useful two dimensional
perfusion maps. However, these images can be converted to
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time signals, which are referred to as Speckle Plethysmography
(SPG) [153], [154], [155]. The variation of SPG signals is related
to the movement of blood cells, blood vessels and other tissue
cells. At different wavelengths the penetration of light varies
depending on the absorption and scattering coefficients of the
tissues. Consequently, SPG signals variations will originate in
the tissue parts where the light can reach. At short penetrating
wavelengths, the variation of the SPG signal will originate in the
superficial layers of tissue, whereas with longer wavelengths,
the SPG signal will also be affected by deeper tissue layers. The
behavior of two different wavelengths (639 nm and 850 nm) has
been examined, showing how PPG and SPG of different wave-
lengths contain different information [155], [156]. An advantage
of SPG systems is that they can provide with simultaneous PPG
signals, processed from the same photons. Both SPG and PPG
can either be measured in reflection or transmission. Reflection
stands for the measurement mode in which the light source
photons reflect onto a tissue, giving light intensity back in a
direction determined by Snell’s law. In this case an objective
speckle pattern is generated at surface level, formed by the
photons that reflect and scatter. In transmission, the light has to
diffusely transmit from the light source to the detector through
the skin and no detected photons are directly reflected. It has
been shown that the information in reflection and transmission
is different in a specific wavelength [155]. Another distinction
can be made about SPG and PPG, while SPG depends on the
concentration and velocity of scattering particles in the medium,
PPG depends on the concentration of chromophores, which
influences the amount of absorbed photons. A direct effect of
this property is that PPG is inherently affected by ambient light
changes, while SPG remains unaffected [154]. These differences
can affect SPG and PPG signals producing waveform differences
between them, which can be exploited [156]. The waveform of
SPG signals have shown high correlation with continuous blood
pressure [156], [157].

B. Diffuse Correlation Spectroscopy

Diffuse correlation spectroscopy (DCS) has gained significant
popularity in recent years [81], [158], [159]. In typical DCS
implementation, a long-coherence laser in the NIR range is used
to illuminate tissue using a single mode fiber. The reflected light
intensity fluctuations are recorded with photon counting device
such as avalanche photo diodes, photomultiplier tubes and also
CMOS detectors. The intensity fluctuations are considered to
originate from moving scatterers, such as red blood cells. The
resulting signal is then routed to either a hardware or software
correlator to quantify the motion. The correlation of rapidly
moving scatterers results in a shorter delay in the autocorre-
lated signal compared to slower-moving scatterers. Similarly,
increasing the source-detector separation distance reduces the
delays compared to shorter separations [159]. The majority of
studies fit the autocorrelated signal into an analytical model to
extract a blood flow index [81]. Although, the origin of the DCS
signal remain somewhat elusive, the blood flow index extracted
from DCS has been shown to be reliably proportional to cerebral
blood flow estimates [160], [161].

DCS has been used in vascular monitoring, especially in neu-
romonitoring measuring blood oxygenation through the skull but
also in breast cancer [162], [163], muscular monitoring [164],
[165], and animal models for different pathologies [166], [167],
[168].

Evidence for DCS-based assessment of cutaneous microvas-
cular function is limited to a study in DCS is coupled with NIRS
in vascular occlusion tests. NIRS-DCS system can monitor
tissue oxygen saturation and microvascular blood flow during
physiological changes such as exercise [169]. The results show
that microvascular perfusion can be separated from convective
oxygen delivery. The benefit of this setup is that both DCS and
NIRS can be recorded with the same instrument by optical mul-
tiplexing of the laser sources. This requires the autocorrelation
function to be performed digitally in the software rather than
hardware, which reduces the temporal resolution.

The benefits of DCS are in part similar to other light spectro-
scopic methods: a non-invasive method for deep-tissue perfu-
sion monitoring, also straight-forward hardware implementation
without a need for calibration or gain adjustments. Despite
many advantages, DCS is not free of drawbacks. One significant
limitation is signal-to-noise ratio and difficulty to define and
interpret absolute blood flow values [81].

C. Photoacoustic Imaging

Photoacoustic imaging (PAI), also known as optoacoustic
imaging, is a non-invasive biomedical imaging technique that
combines the high spatial resolution of optical imaging with
the deep tissue penetration of ultrasound. It generates ultra-
sonic waves by irradiating tissue with nanosecond pulsed laser
light to heat molecules to cause thermoelastic expansion which
generates acoustic waves. Absorption in tissue takes place by
chromophores — such as hemoglobin, melanin, water, or lipids
that rapidly convert energy into heat, causing a small temperature
rise. This leads to a pressure increase that relaxes, emitting
low-amplitude acoustic waves [92], [104], [170]. The result-
ing sound waves are detected by either a single mechanically
scanned ultrasound receiver or an array of receivers and are used
to reconstruct images, based on the time of arrival, that reflect the
distribution of light energy absorption within the tissue. Sound
scatters significantly less than light and acoustic signals travel
farther in tissue with minimal attenuation [92], [104].

In addition to visualizing anatomical structures like the mi-
crovasculature, PAI can also provide functional information,
including blood oxygenation, blood flow, and temperature. The
technique offers high spatial resolution across a wide range
of length scales, from micrometers to centimeters, making it
suitable for imaging both small and large structures.

There are several variants of PAI depending on chosen illu-
mination and detection methods have broad range of depths and
resolutions. Photoacoustic tomography achieves sub-millimeter
resolution at depths of several centimeters, whereas photoacous-
tic microscopy can have sub-micron resolution with penetration
depths of a few hundred microns [93]. A specific implementa-
tion most suitable to image and quantifying capillary network
is the optical resolution photoacoustic microscopy (OR-PAM)
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due to its submicrometer resolutions [91]. Algorithm related
data compression sensing with reduced number of signals and
hardware complexity has also been reviewed [171]. Some of
the recent technological innovations include second to millisec-
ond scan times allowing volumetric imaging of microvascular
structures and dynamic 3D visualization of tissue perfu-
sion [172], volumetric imaging of hemodynamics in vasculature
up to few millimeters below the skin surface [173] and massively
parallel ultrasonic transducers for human brain imaging [174].

PAI has broad applications in clinical medicine, preclinical
research, and basic biological studies, and has been extensively
reviewed [92], [93] and more specifically e.g. for cardiovasvu-
lar diseases [87], cancer [88], abnormalities in microcircula-
tion [91], microscopy hemodynamics [175], and diabetes [89],
[90]. In a proof-of-concept study the subcutaneous finger tissue
in systemic sclerosis patients had clearly lower HbO2 and HbT
values [176]. In a similar study it was demonstrated that arte-
riovenous and venous vascular malformations could be investi-
gated through quantification of oxygenated and deoxygenated
hemoglobin before and after treatment [177]. In another pilot
study PAI was used to assess tissue oxygenation in the nailfold
and a greater drop in oxygen saturation was observed after
cold stimuli in Raynauds’s patients compared to healthy con-
trols [178].

PAI combines great spatial resolution and penetration depth
with high optical contrast and minimal speckle artifacts. While
capable of measuring multiple parameters including hemoglobin
concentration, blood flow, and oxygen metabolism, clinical ap-
plications typically focus on one or two parameters [175].

D. Laser Doppler Flowmetry

Laser Doppler flowmetry (LDF) is a technique based on illu-
minating tissue with a monochromatic laser light and detecting
the Doppler frequency shift caused by moving RBCs scattering
the light [179]. Most of the light scatters back from stationary
cells and only a small portion of the light is affected by the
Doppler shift. However, due to the spectral purity of the laser
light these small variations can be detected. The concentration of
the RBCs affects the fraction of Doppler-shifted light, whereas
the average velocity of the RBCs affects the magnitude of fre-
quency broadening. However, commercial LDF systems report
only a single value that, under ideal conditions, reflects the prod-
uct of these two properties of RBCs [180], [181]. Differences
in LDF, LSCI and PAI outputs and measuring principles are
shown in Fig. 8. The recorded values, or flux, are reported in
arbitrary units, i.e. the technique is not able to provide values in
absolute, physiologically meaningful units [181]. Monte Carlo
modeling has shown that the penetration depth of LDF is less
than 1.0 mm [180]. Penetration depths higher than this have
been experimented with. This can be achieved using a longer-
wavelength near-infrared laser and a longer emitter-to-detector
distance [182]. However, this poses a problem with the need for
a higher powered laser, and extra care has to be taken to keep
the energy at a safe level.

LDF can be extended to include spatial information rather
than just a single measurement point using a scanning mirror.

Fig. 8. i) LDF configuration using a laser light source and a pho-
todetector, ii) Laser speckle imaging using a laser light source and a
digital camera to observe the speckle pattern. Perfusion map adapted
from [186] iii) Photoacoustic imaging using a laser light source and an
ultrasonic transducer.

This is called Laser Doppler Perfusion Imaging (LDPI) [183].
The laser light is scanned over a rectangular area, giving spatial
information about blood perfusion in the tissue.

Parameters derived from LDF signals have been associated
with many CVDs, such as PAD, chronic kidney disease (CKD)
and hypertension [8], [94], [95], [184]. More specifically, some
research shows that microvascular skin reactivity is inversely
related to the severity of cardiovascular risk as determined by
the Framingham risk score in healthy female cohort but also
in patients at high cardiovascular risk [7], [68]. Additional
data show that skin microvascular reactivity is an indepen-
dent predictor of atherosclerotic lesions and CVD in diabetic
patients [69], [70]. In addition, it is inversely correlated with
systolic blood pressure, highlighting the potential deleterious
association between these two parameters [68]. Furthermore, in
a clinical study LDF was demonstrated to be useful in monitoring
peripheral vascular disease, especially chronic limb threatening
ischemia [185].

LDF provides non-invasive, real-time assessment of microcir-
culatory perfusion and its rapid changes. Technique is limited by
motion sensitivity by motion induced artifacts, relative perfusion
values, and variations due to tissue optical properties [183].
Additionally LDF is limited to only single point measurement
at the time.

E. Self-Mixing Interferometry

Interferometry is a method which uses the coherent property
of laser light in order to measure distances, motion and/or
structures of objects. The laser light is separated in two different
optical paths with one being the reference path and the other
being the optical path to which laser light is reflected by the
target being measured. The light from the two optical paths is
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Fig. 9. Illustrative figure of SMI. A small fraction of the laser light
emitted from the laser cavity is reflected back from a target and re-enters
the cavity. This optical feedback interferes with the intracavity field,
which leads to modulation of the laser’s output characteristics. These
modulations are detected by a photodiode (PD) placed either in front
of or behind the laser. As the target moves, its displacement induces
phase shifts in the reinjected light, resulting in measurable variations in
the interferometric signal.

recombined at a sensor, creating an interference pattern from
which distance information can be extracted by exploiting con-
structive and destructive interference. By scanning the target
with an interferometer, its surface structure can be obtained at
the nanometer-scale precision [187].

Self-mixing interferometry (SMI), also referred to as optical
feedback interferometry (OFI), is a technique which has been
introduced in the early 1980 s. In contrast to the classical
interferometry, the light is not recombined in a sensor but in
the laser cavity itself. The amplitude and frequency of the laser
light are modulated, creating an interferometry pattern which
can be measured from the laser diode voltage fluctuations, by
using an internal photodiode, or by an external photodiode. The
biggest advantage of SMI is that it does not need a reference
optical path as the light shone onto the target is the reference.
Therefore, being much simpler, this method allows for a more
compact interferometry setup [96]. Configuration of SMI as well
as typical SMI output are shown in Fig. 9.

SMI leverages the interference between a laser’s internal
field and the light reflected or scattered by moving blood cells,
resulting in modulations that can be analyzed to assess blood
flow dynamics. When moving blood cells reflect the laser light,
their motion produces a frequency (Doppler) shift in the light
fed back to the laser cavity, leading to modulation of the laser
output due to interference. Analysis of the frequency or phase
shifts present in the SMI output allows for quantification of blood
flow parameters such as velocity, as these shifts are directly
related to the speed of the moving blood cells. The foundational
work has established the theoretical and instrumental basis for
SMI in sensing applications [96], [188]. SMI has also shown
to have potential as an alternative to conventional techniques
with measuring superficial blood flow over human skin [189].
Furthermore, SMI has been shown to have an application for
capturing arterial pulse waveforms by directing the laser beam
at the radial artery, where reflected SMI signal enabled cardio-
vascular pulse shape extraction [190].

The use of laser interferometry for the characterization of
bio-tissue is common in clinical settings, for dermatology or
ophthalmology [98], [99]. However, they are mainly used for

Fig. 10. Optical schematic of a time-domain OCT configuration, with
the light source, beam splitter, reference and scanning mirrors and the
tissue under investigation. The system measures the time delay of light
backscattered from the tissue, enabling depth-resolved imaging that
allows 3D imaging of the surface tissue. OCT image adapted from [199].

structural assessment of given biomarkers rather than for blood
flow dynamics. Thus, SMI offers interesting prospects for dy-
namic microvasculature assessment [97], [191] which clinical
interferometry devices do not. State-of-the art clinical interfer-
ometers are very large devices. This is mainly due to the presence
of the reference optical path which is completely absent in SMI,
making this technique more attractive as it allows for a more
compact technology.

Recent studies suggest that SMI can be a robust, compact,
and cost-effective method for non-invasive blood flow measure-
ment [97], [192], [193], [194], [195]. The SMI is yet to be tested
in microvascular monitoring.

F. Optical Coherence Tomography

Optical coherence tomography (OCT) is an imaging tech-
nique used mainly in retinal imaging, although cutaneous ap-
plications have emerged [196], [197]. Instead of highly co-
herent and narrow band laser light, OCT uses low-coherence
light with a wide spectrum from e.g. a superluminescent diode
(SLD) [198]. Sometimes called “optical ultrasound”, OCT is
based on the interference of low-coherence light reflecting from
the tissue. The instrument is effectively a Michaelson interfer-
ometer, consisting of a light source, a photodetector, a reference
mirror and a fiber optic beam splitter, splitting the light into two
arms. The reference arm is directed into the reference mirror,
while the measurement arm probes the tissue. The light reflected
from the tissue is directed back into the device, where it interferes
with the reference arm light, creating an interference pattern
at the photodetector. Axial scanning in the tissue is done via
moving the reference mirror towards or away from the beam
splitter. Lateral scanning can be obtained by using an additional
scanning mirror to the measurement arm. Optical schematic
of a time-domain OCT is shown in Fig. 10. The traditional
time-domain instrumentation setup has been further refined into
Fourier-domain OCT [197].
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Being a well-established technique in ophthalmology, most
of the clinical use of OCT is related to the imaging of retinal
microcirculation [196]. However, recent advances have been
made in the field of cutaneous hemodynamic monitoring as
well. Usage in wound healing, assessing skin cancer and the
assessment of inflammatory and degenerative skin diseases have
been proposed [199]. Evaluating vascular aging using reactive
hyperemia exemplifies how OCT can be used to assess the
skin’s response to external stimuli [200]. Application of OCT in
assessing CVD has primarily focused on the retinal microvas-
culature, but recent studies have proposed its use for cutaneous
measurements as well [201]. Patients with heart failure were
measured from the hand and compared with healthy subjects,
showing decreased vascular density and blood flow.

Compared to MRI and ultrasound, OCT offers higher resolu-
tion, while only penetrating to approximately 0.5–1.5 mm [202].

V. DISCUSSION AND CONCLUSION

A recent advancement in microvasculature measurement is
multimodal monitoring, where multiple techniques are com-
bined in a single device. Miniaturized sensors make this in-
tegration possible. For example, combining spectroscopy with
imaging — such as NIRS or PPG with hyperspectral imaging —
offers a more comprehensive view of oxygenation and perfusion.
As imaging technology and analytical algorithms improve, these
multimodal methods are becoming standard in clinical practice.
Multimodal methods have the potential to provide new insights
through the interaction and complementarity between different
data modalities.

Combining structural and functional imaging can be used to
gain insights into both the static and dynamic features of the
vasculature. An example of this is the combination of OCT and
LSCI. OCT provides high-resolution cross-sectional images of
microvascular structure, whereas LSCI captures dynamic blood
flow information across the tissue surface, complementing the
detailed structural data. A recent study combined multispec-
tral imaging, retinal oximetry and LSCI to study the retinal
microvasculature in the eye. The results from these modalities
were combined to provide structural as well as functional in-
formation on the retina [203]. Another study used LDF, LSCI,
and optical microscopy to observe the vasculature from the
horizontal plane and quantify blood perfusion in wounds. In
addition, fluorescence microscopy was used to reconstruct 3D
vessels for longitudinal quantification. They were able to dy-
namically monitor angiogenesis of the wound site with this mul-
timodal approach [204]. In another study, dynamic evaluation
of microvascular blood flow has been proposed by combining
LDF and high-speed nailfold videocapillaroscopy [205]. Fur-
thermore, in endoscopic measurement combination of LSCI and
PAI and combination of anti-Stoker Raman scattering, second
hermonic generation and two-photon excited fluorescence have
been studied [206], [207].

Machine learning is increasingly applied in optical microvas-
cular sensing for disease risk estimation, handling large data
volumes and assisting in image, and signal analysis by perform-
ing tasks such as denoising, segmenting, and feature extraction.

For example, multi-exposure LSCI, which uses multiple ex-
posure times in contrast to traditional LSCI, generates large
amounts of data, which neural networks can process. For speed-
resolved perfusion imaging, that takes into account the speed
distribution of blood perfusion, a neural network was trained on
multi-exposure laser speckle contrast imaging data from Monte
Carlo simulations of complex tissue models to estimate microcir-
culation and blood perfusion properties [208], [209]. LSCI has
also been used to monitor blood flow and wound progression by
segmenting the images using k-means clustering and comput-
ing speckle statistics to account for changes in contrast before
classifying the regions to non-progressive and progressive using
support vector machines [210]. In addition LSCI together with
visible-light camera have been used to evaluate bowel perfusion
intraoperatively using generative adversarial networks to detect
ischemic regions [211].

Machine learning can also be used in disease risk estimations.
Convolutional neural networks with PPG signals have been
used to assess microvascular changes to estimate the risk of
diabetic retinopathy [212] as well as to detect COVID-19 [42].
Furthermore, ensemble models on PPG signals have been used
for cardiovascular risk detection [213]. To use microvascular
imaging to monitor hemodynamics and microvascular structures
or perform disease state quantification, the microvasculature
needs to be segmented. This is difficult due to complex structures
and low contrast. A deep learning network together with a weak
signal attention mechanism and multi-scale perception model
have been studied for microvasculature segmentation with pho-
toacoustic microscopy [214]. Generative adversarial networks
(GANs) have been used for unsupervised 3D segmentation of
vascular networks from mesoscopic PAI in order to reduce
the time-consuming and error-prone task of labeling complex
tissues [215]. Unsupervised learning methods have also been
used for denoising to allow microvascular visualization with
low-fluence excitation using sparse coding [216].

Cutaneous measurements are desirable due to easy access
to the measurement site. However, it has to be taken account
that thickness of different parts of skin tissue affects also to the
optical properties (foot sole vs eyelid vs breast). Additionally,
cutaneous measurements are highly affected by the sympathetic
nervous system making it challenging to achieve reliable and
reproducible measurement. Thus, standardization of cutaneous
monitoring techniques as well as algorithms are needed. Lack
of standardized methods and measurements may hinder clinical
adoption and reliability of presented technologies, particularly
when comparing results across different devices and clinical
settings.

Another important topic related to the development of in-
struments for diseases is responsible innovation. Although cuta-
neous measurement site is of interest due to its easy access, many
techniques could still benefit from including other consideration
related to responsible innovation [217] which encourages re-
flection on long-term impacts, weighing both benefits and risks.
It integrates ethical, legal, and social impacts (ELSI) early in
product design. Inclusion can involve diverse stakeholders—like
policymakers and the public—to guide development and ensure
relevance to societal needs considering e.g. utility, comfort
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and cost. Such aspect were not found addressed in reviewed
studies.

Many of the presented techniques here have been tested in
human studies and even in clinical environments. However,
large scale clinical validation studies are not conducted with
most of the techniques and only few of them are in standard
clinical use, leading to wide spectrum of clinical maturity of the
techniques. Spectroscopic techniques NIRS and VLS are used in
commercial clinical devices for tissue oxygenation evaluation,
although NIRS is widely known for brain oxygenation mon-
itoring instead of skin oxygenation monitoring. Additionally,
PPG is widely used in commercial devices especially for heart
rate and SpO2 measurements, and OCT is clinically used for
retinal imaging. Furthermore, there are commercial and clini-
cally validated devices for LSCI, PAI, LDF, and microscopic
techniques, especially nailfold capillaroscopy, on the market
but their routine clinical use is limited. Use of DCS and SMI
related to cutaneous microcirculation is still on basic research
level.

We reviewed multiple techniques for cutaneous microvascular
assessment and presented principles of each technique, and their
clinical applications especially for cardiovascular diseases were
assessed. Many of these principles overlap, providing myriad
of different variants in techniques. Most of the presented tech-
niques are still not in wide clinical use even though their clinical
potential has been shown.
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