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Abstract— Cardiovascular diseases represent the leading cause
of morbidity and mortality worldwide, emphasizing the need for
accurate and early non-invasive diagnostic methods. Laser
Doppler techniques enable quantitative, real-time assessment of
microcirculatory and vascular function. This study evaluates three
complementary modalities: Laser Doppler Flowmetry (LDF) for
skin and peripheral tissue perfusion, Laser Speckle Contrast
Imaging (LSCI) for non-contact, wide-field visualization of
microcirculatory dynamics, and Laser Doppler Vibrometry (LDV)
for assessment of pulse wave velocity (PWYV) and carotid arterial
mechanical properties. Modern echocardiographic techniques,
including strain analysis and myocardial work, are included as
complementary functional indicators of cardiac performance.
Data include healthy subjects and patients with hypertension, type
2 diabetes mellitus (T2DM), and cardiovascular disease. In T2DM,
LDF indicates early microvascular dysfunction with impaired
endothelial regulation and significant association with
microcirculatory indices. The findings demonstrate that laser
Doppler systems provide reliable assessment of microcirculation,
vascular reactivity, and arterial stiffness, supporting their
potential for early cardiovascular risk stratification and disease
monitoring..

Index Terms— Laser Doppler flowmetry; microcirculation;
endothelial  dysfunction;  cardiovascular  diseases;  retinal
microcirculation

I. INTRODUCTION

Cardiovascular diseases remain the leading cause of
morbidity and mortality worldwide, underscoring the critical
need for precise, early, and non-invasive diagnostic approaches.
Contemporary cardiovascular assessment is increasingly driven
by quantitative, real-time optical technologies capable of
interrogating microvascular and macrovascular function without
invasive procedures.

Microcirculatory dysfunction represents an early and
pathophysiologically relevant marker of vascular disease and
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plays a central role in the development of systemic
complications. In type 2 diabetes mellitus (T2DM),
microvascular impairment is a hallmark feature contributing to
neuropathy, nephropathy, and retinopathy. Early detection of
such alterations is essential for risk stratification and
individualized therapeutic intervention.

Laser Doppler—based techniques constitute a versatile class
of tools for functional hemodynamic assessment, enabling
continuous, spatially and temporally resolved evaluation of
vascular dynamics. These include Laser Doppler Flowmetry
(LDF), Laser Speckle Contrast Imaging (LSCI), and Laser
Doppler Vibrometry (LDV), each providing complementary
multiscale vascular information [1-15].

LDF enables quantitative assessment of peripheral
microcirculation and endothelial function [1], while LSCI
provides non-contact, full-field, high-resolution mapping of
microvascular perfusion dynamics [2]. LDV extends functional
evaluation to the macrovascular level by enabling indirect
assessment of arterial stiffness and pulse wave velocity (PWV)
as a surrogate marker of arterial wall elasticity [1].

Collectively, literature evidence indicates that LSCI captures
dynamic spatial heterogeneity of perfusion during physiological
and ischemia—reperfusion conditions [3,4], whereas LDV
provides robust indices of arterial stiffening associated with
aging and hemodynamic load [1,5]. LDF remains a highly
sensitive modality for detecting subtle alterations in
microvascular perfusion and longitudinal monitoring of vascular
dysfunction [6,7].

The aim of this study is to provide an integrated evaluation
and comparison of laser Doppler—based modalities in the non-
invasive assessment of the cardiovascular system, with emphasis
on microcirculatory function, arterial stiffness, and global
vascular performance across clinical and experimental settings.
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Overall, laser Doppler techniques constitute a multimodal,
quantitative framework for cardiovascular assessment with
strong translational potential for early diagnosis and disease
monitoring. However, their clinical implementation requires
further methodological standardization, harmonization of
measurement protocols, and validation in multicenter studies [1—
15].

II. MEASUREMENT PRINCIPLES

The most widely applied laser Doppler—based techniques in
non-invasive cardiovascular diagnostics—Laser Doppler
Flowmetry (LDF), Laser Speckle Contrast Imaging (LSCI), and
Laser Doppler Vibrometry (LDV)—are founded on the
interaction between coherent laser radiation and a dynamically
scattering biological medium, where erythrocyte motion and
tissue mechanical oscillations induce Doppler frequency shifts
and/or statistical fluctuations of the backscattered signal [1-3].

In LDF, microcirculatory assessment is based on the Doppler
frequency shift:

Af =% cos (9) (1)

where Af is the frequency shift, v is erythrocyte velocity, A is
the laser wavelength, and 0 is the scattering angle between the
incident beam and the direction of particle motion. Integration of
the power spectral density of the signal yields a relative perfusion
index as a surrogate of local microcirculatory blood flow [1,14].

LSCI is based on statistical analysis of the speckle pattern,
where the spatial contrast is defined as:

K=<°;—’> (2)

with ol representing the standard deviation and (I) the mean
intensity. The inverse relationship between speckle contrast and
scatterer dynamics enables reconstruction of two-dimensional
perfusion maps in real time, in a non-contact manner and without
contrast agents [2—4].

LDV extends measurement from the hemodynamic to the
mechanical domain by assessing the phase dynamics of the
reflected signal:

v(t) = 3)

where v(t) describes tissue velocity derived from the
temporal derivative of the phase ®(t). These data are used for
estimation of pulse wave velocity (PWYV) and arterial stiffness,
established indicators of cardiovascular risk [1,5].

A do(t)
4 dt

Comparative analysis of LDF, LSCI, and LDV demonstrates
that each modality interrogates a distinct physical domain of the
cardiovascular system. LDF is highly sensitive to local
microcirculatory alterations but is limited by spatial resolution
and its contact-based nature. LSCI provides non-contact, full-
field, real-time perfusion mapping, albeit with reduced absolute
quantification due to the statistical nature of speckle formation
[2,3]. In contrast, LDV does not measure blood flow directly but
rather mechanical vibrations of the vascular system, enabling
assessment of arterial stiffness and global hemodynamic
parameters, including PWV [1,5].
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The integration of these modalities establishes a multiscale
diagnostic framework linking microcirculatory dynamics, spatial
perfusion distribution, and macrovascular mechanical elasticity,
thereby enabling a coherent reconstruction of cardiovascular
functional status across diverse physiological and pathological
conditions.

III. APPLICATION OF METHODS (LDF, LSCI, LDV)

The application of Laser Doppler Flowmetry (LDF)
technology in clinical practice encompasses a broad range of
uses, including dermatological and dental research, assessment
of tendon and ligament microcirculation, as well as functional
evaluation of perfusion in neural and myocardial tissues in
neurological and cardiological studies [16,17]. As a non-invasive
optical technique based on the Doppler effect, LDF represents a
valuable tool in investigations focused on the early detection and
prevention of cardiovascular diseases.

A particular clinical and research significance of LDF lies in
neurovascular studies, where it is employed to assess the impact
of major cardiovascular risk factors, including arterial
hypertension, diabetes mellitus, and atherosclerosis, on cerebral
and retinal microcirculation. Impairments in flow within the
middle cerebral artery and retinal vascular network are
associated with an increased risk of ischemic stroke and optic
neuropathy, including glaucoma [18-21].

In the context of systemic metabolic disorders, LDF has been
applied in the assessment of microcirculatory dysfunction in
patients with type 2 diabetes mellitus (T2DM) [15]. In an
observational study including 25 subjects (19 patients with
T2DM and 6 healthy controls), significant differences in
microvascular regulation were identified between groups. In
T2DM patients, reduced NO-dependent endothelial activity was
observed, accompanied by enhanced sympathetic and myogenic
vasomotor responses, as well as elevated markers of oxidative
stress. Additionally, a reduced coefficient of variation and
increased nutritive flow were recorded, indicating activation of
compensatory mechanisms in vascular tone regulation.

Quantitative analysis demonstrated a statistically significant
positive correlation between the microcirculation index and
regulatory system activity (r = 0.7561; p = 0.0002), suggesting
systemic vascular burden and functional dysregulation in T2DM.
These findings confirm that LDF enables detection of subclinical
microvascular alterations and may serve as a valuable tool for
early cardiometabolic risk stratification.

Application of LDF in the cutaneous capillary network, most
commonly in the forearm region, allows for non-invasive and
relatively reproducible assessment of early vascular changes.
However, this approach is limited by the fact that cutaneous
microcirculation does not fully reflect systemic hemodynamic
and organ-specific vascular alterations [23,24].

To improve measurement stability and inter-operator
reproducibility, multi-beam LDF systems have been developed,
integrating multiple laser sources into stabilized mounts (e.g.,
silicone matrices), thereby reducing artifacts and improving
measurement reliability [25].



The clinical value of LDF has further been confirmed in
intraoperative settings, where it is used during coronary artery
bypass grafting procedures (Fig. 1) for assessment of myocardial
perfusion and early detection of postoperative complications,
including myocardial ischemia (Fig. 2), arthythmias, and acute
infarction [18].

Despite its high diagnostic potential, the application of LDF
remains limited by result variability, sensitivity to mechanical
artifacts (probe movement), influence of deeper vascular
structures on the signal, and insufficient standardization of
measurement protocols [25].
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Fig 1 Assessment of myocardial microcirculation before and after coronary
artery bypass surgery [3]

Fig 2 Illustration of an LDF probe inserted into the myocardium distal to a
coronary artery occlusion [3]

Laser Speckle Contrast Imaging (LSCI) enables a non-
invasive, non-contact, and high-resolution assessment of
dynamic changes in microcirculatory perfusion in real time. The
method is based on statistical analysis of the speckle pattern,
allowing continuous mapping of spatial flow distribution without
the use of contrast agents.

LSCI is applied in the evaluation of physiological and
pathological variations in microcirculation, including age-related
changes, as well as in the functional assessment of vascular
reactivity. It is particularly relevant for monitoring coronary
microcirculation during ischemia—reperfusion injury of the
myocardium, as well as for intraoperative assessment of
microcirculation during neurovascular interventions [3,4].
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Unlike conventional perfusion techniques, LSCI enables
detection not only of mean blood flow but also of temporal
(phasic) components of the microvascular response within the
cardiac cycle, indicating high sensitivity to hemodynamic
microcirculatory dynamics (Fig. 3) [14].

Fig 1 Assessment of myocardial microcirculation before and after coronary
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artery bypass surgery [3]

Laser Doppler Vibrometry (LDV) is an optical technique
enabling highly precise assessment of mechanical vibrations of
vascular structures and indirect evaluation of arterial
hemodynamic properties. In contrast to LDF and LSCI, LDV
does not measure direct blood flow but rather the mechanical
response of the vascular system to the pulse wave, thereby
allowing assessment of arterial stiffness and elastic properties of
the arterial wall.

LDV is used for the quantitative evaluation of parameters
strongly associated with aging and arterial pressure. Of particular
clinical importance is the determination of pulse wave velocity
(PWV) and overall arterial compliance, which represent
validated indicators of arterial stiffness and independent
predictors of cardiovascular risk [1,5].

By integrating mechanical and hemodynamic parameters,
LDV complements the functional information obtained from
LDF and LSCI, enabling a multiscale assessment of the vascular
system ranging from microcirculation to macrovascular
clasticity.

IV. DISCUSSION

The combined application of LDF, LSCI, and LDV enables a
multiscale, non-invasive assessment of the cardiovascular
system, encompassing microcirculation, spatial perfusion, and
macrovascular mechanical function.

In patients with type 2 diabetes mellitus (T2DM), LDF
demonstrated clear evidence of microvascular dysfunction,
including reduced NO-dependent endothelial activity and
increased sympathetic and myogenic regulation, with a
significant correlation to the microcirculation index (r = 0.7561;
p = 0.0002). These findings indicate early systemic vascular
dysregulation.

LSCI complements these observations by enabling spatial
visualization of perfusion heterogeneity and real-time dynamics
of ischemia—reperfusion changes. LDV extends the analysis to
the macrovascular level through assessment of arterial stiffness
and pulse wave velocity (PWYV) as an indirect marker of vascular



aging and cardiovascular risk.

The integration of these modalities allows linking
microcirculatory disturbances with macrovascular remodeling,
thereby establishing a continuum of vascular dysfunction in
T2DM.

The clinical relevance of this multimodal approach lies in
early risk stratification, disease progression monitoring, and
potential support for personalized diagnostic strategies.
Limitations include protocol variability, —measurement
sensitivity, and incomplete standardization of methodologies.

A comparative overview of the methods is presented in Table
1 below.

TABELA 1. COMPARATIVE OVERVIEW OF METHODS
Char. LDF LSCI LDV
Measuremen | Micro- Spatial Macrovascula
t domain circulation | perfusion r mechanics
Contact Yes No No
Type of | Local Full-field Arterial
information | perfusion flow mapping | stiffness
Spatial Low High N/A
resolution
Temporal High High High
resolution
Key NO Perfusion PWV,
parameters activity, heterogeneity | compliance
perfusion
T2DM Endothelia | Microvascula | Arterial
relevance 1 r dynamics stiffness
dysfunctio
n
Limitations | Artifacts, Limited Indirect flow
depth absolute assessment
dependenc | quantificatio
y n

V. CONCLUSION

In accordance with the aim of the study, which focuses on the
application of advanced non-invasive optical methods in
cardiovascular diagnostics based on laser Doppler technology, it
was demonstrated that LDF, LSCI, and LDV constitute a
complementary multimodal framework for the integrated
assessment of vascular function at the micro-, meso-, and
macrovascular levels.

LDF enables sensitive evaluation of microcirculation and
endothelial function, LSCI provides real-time spatial analysis of
perfusion heterogeneity, while LDV extends the diagnostic
domain to the assessment of arterial stiffness and pulse wave
velocity as indicators of macrovascular function. Their
integration yields a unified, functionally coherent diagnostic
continuum of the cardiovascular system.

Results in patients with type 2 diabetes mellitus (T2DM)
confirm the presence of early microvascular alterations
characterized by endothelial dysfunction and compensatory
hemodynamic responses, indicating that changes in
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microcirculation represent an early marker of systemic vascular
injury.

Furthermore, the integration of LSCI and LDV enables linking
microvascular disturbances with spatial perfusion heterogeneity
and increased arterial stiffness, thereby establishing a continuum
from  microcirculatory  dysfunction to  macrovascular
remodeling.

Overall, the obtained results indicate that laser Doppler
techniques represent a non-invasive, quantitative, and clinically
relevant diagnostic approach for early cardiovascular risk
stratification and disease progression monitoring. Their broader
clinical application requires methodological standardization and
validation in multicenter clinical studies.
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