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Abstract
Introduction. This literature review focuses on modern methods for assessing cardiovascular risk 

using photoplethysmography and heart rate variability. Non-invasive approaches to assessing vascular wall 
health, arterial stiffness, heart rate, and microcirculation are discussed, along with their relationships with 
cardiovascular risk factors.

Objective: To analyze the potential of photoplethysmography as a non-invasive method for early 
detection of cardiovascular risk and to justify the need for its more widespread use in clinical practice.

Materials and methods: A search of international and domestic sources on methods for assessing 
heart rate variability and photoplethysmography was conducted across PubMed, Google Scholar, the 
Cochrane Library, Scopus Preview, eLibrary, and Cyberleninka databases. The search period was 10 years. 

Results and discussion. The review revealed the potential of photoplethysmography and heart 
rate variability as informative digital markers that can reflect subclinical vascular changes and predict 
cardiovascular events. However, existing limitations are highlighted: the need for standardized signal 
recording protocols, variability in data quality, limited data on long-term clinical outcomes, and limited 
external validation of the models. The presented data support the need for further prospective studies, improved 
signal quality, the development of interpretable AI models, and the integration of photoplethysmography/
heart rate variability with other biomarkers for a comprehensive assessment of cardiovascular health.

Conclusions. The literature review demonstrates that photoplethysmography is a promising, 
accessible, non-invasive method for early assessment of cardiovascular health. Photoplethysmography 
signal analysis allows for the detection of arterial stiffness, vascular tone, and other early subclinical changes 
associated with сardiovascular diseases risk. However, despite its high potential, the clinical application 
of this method is limited by the lack of standardized protocols, device heterogeneity, variability in data 
quality, insufficient clinical validation, and the predominance of cross-sectional studies without long-term 
outcomes.

Keywords: photoplethysmography, heart rate variability, arterial stiffness, cardiovascular risk, 
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Introduction
Cardiovascular diseases (hereinafter – 

CVD) remain the leading cause of death and health 
loss worldwide, placing a significant burden on 
healthcare systems and economies. According to 
global studies, coronary heart disease and stroke 
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are the leading causes of mortality. At the same 
time, the prevalence of classic risk factors (cardio-
metabolic, behavioral, environmental, and social 
factors) remains high and continues to increase 
worldwide, particularly in low-education and low-
income settings. Early and accurate assessment of 
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individual CVD risk is essential for effective pri-
mary prevention, enabling timely initiation of more 
intensive risk-reducing treatment and optimizing 
the allocation of screening resources. [1]. Analysis 
of modifiable (age, gender, positive family history) 
and non-modifiable risk factors (arterial hyperten-
sion, lipid metabolism disorders, smoking, hyper-
glycemia, low physical activity and obesity, etc.) 
explains a significant part of the risk variability in 
the population, leaving a residual risk, which stimu-
lates the search for and implementation of addition-
al markers and studies [2]. These markers include 
lipid profiles, indicators of renal impairment, and 
innovative approaches such as vascular stiffness as-
sessment, heart rate variability (hereinafter – HRV) 
measurements, arterial stiffness, and genetic modi-
fication. Integration of these markers can improve 
risk stratification, particularly in patients with low 
and intermediate clinical risk [1; 2].

In a clinical context, the ability of photo-
plethysmography (hereinafter – PPG) analysis to 
extract parameters related to arterial stiffness and 
wave velocity, which are independent predictors of 
cardiovascular morbidity and mortality, is of key 
interest. Several studies have shown that parame-
ters derived from peripheral PPG analysis correlate 
with classical measurements of aortic stiffness and 
can serve as non-invasive markers of vascular aging 
[3]. Despite the accumulated science, key challeng-
es in risk identification remain, including the need 
to adapt assessment tools to population and ethnic 
characteristics, limitations in the availability and 
cost of expanded testing in primary care, and a lack 
of evidence demonstrating that improved predic-
tive models necessarily translate into better clinical 
outcomes [4]. When studying the functional state of 
the heart, HRV is a key factor, which is measured 
using a photoplethysmograph. HRV is the variation 
in the time intervals between successive heartbeats. 
High HRV is not always better, as pathological con-
ditions can increase HRV. CVD leads to increased 
HRV, which is closely associated with an increased 
risk of mortality [5].

PPG is a photometric method used to mea-
sure volumetric changes in the blood, as well as 
heart rate, pulse wave velocity, arterial stiffness, 
and HRV. These indicators are informative markers 
of cardiovascular risk and have stimulated funda-
mental research into the origins of PPG signals. In 
recent years, PPG has attracted increasing attention 

for its potential to assess cardiovascular health and 
predict outcomes. Thus, its low cost, simplicity, and 
the ability to be monitored in an outpatient setting 
make PPG a promising tool for the prevention and 
early detection of latent cardiovascular pathologies. 
The clinical, diagnostic, and therapeutic signifi-
cance of HRV obtained using PPG has been estab-
lished [6; 7]. Therefore, this literature review aimed 
to highlight the importance of encouraging health-
care organizations to adopt non-invasive diagnostic 
methods more actively for CVD risk assessment.

Objective: To analyze the potential of pho-
toplethysmography as a non-invasive method for 
early detection of cardiovascular risk and to jus-
tify the need for its more widespread use in clinical 
practice.

Materials and methods
A search of foreign and domestic sources on 

methods for assessing HRV and PPG was conduct-
ed in PubMed, Google Scholar, Cochrane Library, 
Scopus Preview, eLibrary, and CyberLeninka da-
tabases. A literature search was conducted using 
keywords and combinations including: PPG, HRV, 
cardiovascular risk, non-invasive diagnostics, and 
arterial stiffness. The search covered the past 10 
years (2015-2025 y). 

The PICO method was used for a structured 
literature search and analysis. This framework ex-
emplifies international best practice for conducting 
literature reviews and evaluating the effectiveness 
of diagnostic methods for prognosis. The review 
considered individuals with cardiovascular risk 
factors as the population (P), PPG as the interven-
tion (I), other non-invasive cardiovascular risk as-
sessment methods as the comparison (C), and the 
outcome (O) as the clinical significance of PPG pa-
rameters reported across various studies.

The inclusion criteria were peer-reviewed 
articles, original studies, and publications in Eng-
lish and Russian that provided qualitative and 
quantitative data analysis. 

The exclusion criteria were conference ab-
stracts, non-scientific sources, and articles without 
full text. 

The selected publications were analyzed 
using thematic content analysis, including the sys-
tematization of methods for recording and process-
ing PPG signals, the assessment of the clinical sig-
nificance of the indicators, and the analysis of the 
use of artificial intelligence (hereinafter – AI) algo-
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rithms and machine learning methods for predict-
ing cardiovascular risk. A total of 70 publications 
were identified, 43 of which were included in the 
final analysis. 

These studies are part of a research project 
funded by the Ministry of Science and Higher Edu-
cation of the Republic of Kazakhstan, registered 
under number AP19677754, entitled «Develop-
ment of markers and a diagnostic algorithm for the 
detection and prevention of early cardiovascular 
aging». They also constitute the initial stage of a 
doctoral thesis.

Results 
Advances in photoplethysmography signal 

analysis for predicting cardiovascular disease de-
velopment

The cardiovascular system (hereinafter – 
CVS) plays a vital and fundamental role in main-
taining the human body’s vital functions. There-
fore, developing systems for rapid monitoring of 
CVS status in humans is an urgent and important 
task. Global and regional studies show that CVDs 
remain the leading cause of death and disability 
worldwide, with the highest burden observed in 
low- and middle-income countries. These stud-
ies demonstrated changes in the burden of CVDs 
from 1990 to 2023 and identified factors influenc-
ing these changes, including population growth, 
population aging, and the impact of both modifiable 
and non-modifiable risk factors. Aging is a major 
non-modifiable risk factor for CVDs, which are the 
leading cause of death worldwide. Cellular proin-
flammatory processes, which increase with age, are 
considered a key mechanism for accelerated vas-
cular aging, in which the biological age of vessels 
outpaces the chronological age. This condition is 
accompanied by a sharp increase in the risk of de-
veloping CVDs and premature mortality [8; 9].

Cardiovascular aging is a multifaceted 
process driven by the interplay of endothelial dys-
function, extracellular matrix remodeling, vascu-
lar inflammation, mitochondrial dysfunction, and 
cellular senescence. As the heart and blood vessels 
age, structural and functional changes occur, lead-
ing to degeneration and an increased risk of CVD. 
These mechanisms contribute to the loss of elas-
ticity in large arteries, the development of athero-
sclerosis, hypertension, and cardiac dysfunction, 
particularly heart failure with preserved ejection 
fraction [8; 10].

Both non-invasive and invasive imaging 
techniques, such as ultrasound, magnetic resonance 
imaging, and angiography, are widely used in clini-
cal practice. However, despite their routine use, 
these methods are not always suitable for rapid, ear-
ly screening, as they can be labor-intensive, costly, 
operator-dependent, and, in some cases, invasive. 
Contemporary studies aim to correlate the results 
of non-invasive and invasive assessments with the 
risk of developing CVD [10; 11].

There was a need for a rapid and relatively 
simple screening method that would be clinically 
acceptable. In the 1980s, PPGs were introduced 
into clinical practice as pulse oximeters, which rev-
olutionized the measurement of arterial oxygen sat-
uration and remain widely used across a variety of 
clinical settings. In the 2010s, this technology was 
integrated into consumer wearable devices, such as 
smartwatches and fitness trackers, which are now 
used daily by millions of people. Over the past de-
cades, substantial research in the field of PPG has 
revealed its potential far beyond pulse oximetry, 
particularly with the recent development of wear-
able devices based on this technology. However, 
despite the widespread use and acceptance of PPG, 
the precise origin of its signal remains a subject of 
scientific debate [12;13].

In the 1990s, active comparisons of PPG 
and electrocardiogram (hereinafter – ECG) signals 
were conducted. Researchers found that the inter-
vals between successive PPG peaks (PP intervals) 
exhibit a high correlation with ECG RR intervals 
(r = 0.97), enabling HRV assessment by PPG. The 
first algorithms for signal filtering and time-domain 
analysis subsequently emerged [13]. With advances 
in digital sensors and computational methods, PPG 
is now used to evaluate autonomic regulation pa-
rameters, including temporal- and frequency-do-
main indices of HRV, such as SDNN, RMSSD, and 
LF/HF [14; 15].

According to the literature, over the past 
20 years, significant relationships have been iden-
tified between the autonomic nervous system and 
cardiovascular mortality, including sudden cardiac 
death. Although automaticity is one of the heart’s 
intrinsic abilities, enabling electrical impulses to 
be generated in the myocardium without nervous 
stimulation, heart rhythm is now considered an 
integral marker of the functional state of multiple 
systems that maintain the body’s homeostasis [15; 
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16]. Spontaneous fluctuations in heart rate reflect 
the interplay between constant influences on CVS 
and the responses of its regulatory mechanisms.

HRV analysis is a method to assess the ac-
tivity of the cardiovascular and autonomic nervous 
systems. HRV is continuously regulated through 
complex interactions between the branches of the 
autonomic nervous system, including the sympa-
thetic and parasympathetic pathways [16; 17].

Time-domain PPG indices obtained by 
pulse-to-pulse determination include:

PP interval (Pulse-to-Pulse Interval): inter-
vals between successive PPG peaks; the basis for 
HRV analysis.

SDNN (Standard Deviation of NN inter-
vals): reflects overall HRV; low values indicate re-
duced adaptive capacity of the autonomic nervous 
system.

RMSSD (Root Mean Square of Successive 
Differences): indicates parasympathetic (vagal) ac-
tivity; higher values reflect greater vagal influence.

pNN50 ( % of intervals >50 ms): indicates 
rapid vagal modulation; higher values correspond 
to good variability and pronounced vagal activity.

Frequency-domain analysis is divided into 
three spectral components:

High frequency () (0.15–0.40 Hz): reflects 
parasympathetic nervous system influence, primar-
ily driven by respiratory modulation.

Low frequency (hereinafter – LF) (0.04–
0.15 Hz): reflects sympathetic activity and barore-
flex control.

Very low frequency (hereinafter – VLF) 
(0.01–0.04 Hz): associated with humoral-metabolic 
processes, thermoregulation, and baroreflex activity.

VLF/HF ratio (0.5-2.0): reflects the balance 
of central and peripheral influences on heart rhythm 
[14-17].

Recent studies (2019, 2020) have demon-
strated that frequency-domain indices of PPG wave-
form variability, such as HF %, LF %, and LF/HF %, 
possess sufficient sensitivity and can serve as spe-
cific markers of arterial hypertension and coronary 
heart disease in adult men. HF % variability increas-
es 2–5-fold in patients with arterial hypertension and 
up to 8-fold in patients with coronary heart disease 
compared to healthy individuals. Conversely, LF % 
variability, associated with sympathetic activity, de-
creases 1.5–5-fold in all patients with CVD relative 
to healthy controls (p < 0.001) [17].

A longitudinal cohort study conducted in 
2024 showed that decreases in LF and HF, along 
with increases in LF/HF, in nocturnal PPG record-
ings predicted the development of hypertension and 
myocardial infarction over 5 years, independent of 
age and sex. Low HF and high LF/HF were sig-
nificantly associated with coronary heart disease (p 
< 0.01). Changes in VLF were also found to serve 
as early indicators of endothelial dysfunction and 
chronic stress. These findings suggest that frequen-
cy-domain PPG parameters (VLF, LF, HF, LF/HF) 
represent key risk factors for the development of 
CVD [18; 19].

A recent British study (2024) demonstrat-
ed the feasibility of using optical PPG data, com-
bined with deep learning methods, to predict the 
10-year risk of major cardiovascular events using 
a minimal set of predictors: age, gender, smoking 
status, and PPG signals. The study provided statis-
tically significant prognostic information on car-
diovascular risk (p < 0.05). However, the study re-
lied solely on UK Biobank samples and excluded 
key risk factors, such as blood pressure, BMI, and 
physical inactivity. The researchers emphasized 
the need for further investigation into PPG-based 
predictive methods [19].

A multivariate statistical analysis conducted 
in 2021 demonstrated that changes in HRV are as-
sociated with factors such as body mass index, cof-
fee consumption, smoking, and chronic diseases, 
with statistically significant results (p < 0.01). Low 
HRV was identified as one of the primary predictors 
of sudden death among adults at risk for CVD and 
serves as an important marker for assessing the risk 
of heart disease [20]. Recent studies have also high-
lighted the value of PPG in assessing endothelial 
dysfunction in patients with risk factors for cardio-
vascular complications. Specifically, the PPG pow-
er spectral density in the 0.01–0.02 Hz frequency 
range was significantly lower in smokers compared 
to nonsmokers, but only during the endothelium-
induced vasodilation phase (p = 0.005). This find-
ing indicates the high sensitivity and specificity of 
PPG for evaluating nitric oxide-mediated vascular 
reactivity. Consequently, this technique shows po-
tential for detecting early microvascular damage 
caused by smoking, as evidenced by reduced NO-
dependent vascular reactivity [21].

The results of a three-year study showed 
that patients with chronic heart failure (hereinafter 
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– CHF) and a history of myocardial infarction ex-
hibited increased heart rates over the study period, 
while the low- and high-frequency components of 
the HRV spectrum were lower compared to patients 
without myocardial infarction. Comparisons of 
HRV parameters between surviving and deceased 
patients revealed significant decreases in SDNN 
and LF (p < 0.001). Thus, a reduction in the low-
frequency component of the HRV spectrum can 
be considered a predictive indicator for the risk of 
heart failure decompensation and mortality over the 
subsequent three years in patients with CHF. Many 
researchers have also explored the assessment of 
arterial stiffness using PPG in vivo. Several in vivo 
studies have focused on specific conditions, includ-
ing pregnancy, obesity, and diseases such as coro-
nary artery disease [22; 23].

Epidemiological studies have shown that 
increased arterial stiffness elevates pulse pressure, 
which can contribute to isolated systolic hyperten-
sion. Pulse pressure is also associated with coronary 
heart disease and cardiovascular complications in 
hypertensive and elderly patients (OR = 1.097, p = 
0.026) [24]. Thus, recent studies have proven the 
arterial stiffness index, measured by fasting plasma 
glucose (hereinafter – FPG), to be an independent, 
genetically determined risk factor for hypertension 
and an independent, non-causal risk factor for coro-
nary heart disease.[25]. 

In recent years, numerous methods for as-
sessing HRV have been developed. A study by T.L 
Borisenko and A. V. Frolov evaluated both key 
linear HRV parameters (SDNN, LF/HF) and non-
linear dynamics indicators (ApEn, nonlinear LF/
HF ratio). The LF/HF ratio was significantly higher 
in patients with atrial fibrillation, whereas patients 
with coronary artery disease (hereinafter – CAD) 
exhibited the lowest LF/HF ratio (p < 0.001). These 
data have proven valuable for characterizing auto-
nomic balance and have become reliable markers 
of complication and mortality risk in patients with 
CVD [26].

Currently, a large body of literature provides 
new insights into the relationship between pulse 
morphology and PPG. This includes aspects such 
as aging, arterial stiffness, blood pressure, vascular 
compliance, and microvascular disease. Significant 
efforts are also being made to use PPG for the detec-
tion of cardiac rhythm abnormalities, including atrial 
arrhythmias and atrial fibrillation. Researchers con-

tinue to work on integrating PPG sensing capabilities 
with wearable devices, such as AI smartwatches, to 
develop ubiquitous health-monitoring solutions that 
extend beyond currently available wearable heart 
rate monitoring technologies [26].

Over the past five years, PPG has been ac-
tively integrated into smartwatches and fitness 
bracelets, not only for detecting pathologies but 
also for assessing the health status of healthy indi-
viduals. One study demonstrated that smartwatches 
equipped with PPG technology accurately measure 
heart rate and show a high correlation with ECG 
recordings for heart rate and R-R intervals in at-
risk patients (r = 0.891). These findings suggest that 
such devices may be useful for continuous monitor-
ing of patients with CVD [26; 27].

A recent study by Chinese researchers (2025) 
reported that among PPG parameters, SDNN and 
rMSSD were independent predictors of major ad-
verse cardiovascular events (hereinafter – MACE). 
The study found that lower SDNN and rMSSD val-
ues were associated with a higher risk of adverse 
outcomes (p < 0.05). These findings confirm that 
both parameters, including rMSSD, are important 
not only for assessing cardiovascular function but 
also for prognostic risk stratification [28].

Several studies have shown that in patients 
with arterial hypertension and coronary heart dis-
ease, PPG-derived parameters, specifically SDNN 
(standard deviation of NN intervals) and RMSSD 
(root mean square of successive interval differenc-
es), reliably reflect autonomic regulation. A reduc-
tion in these indices correlates with increased risk 
of cardiovascular complications and higher mortal-
ity (r = 0.9, p < 0.05) [29; 30].

Features of cardiovascular regulation and 
arterial stiffness in CVD based on the results of 
photoplethysmographic analysis

The term “vascular aging” refers to age-
related changes in blood vessels, such as reduced 
elasticity, which can reduce the efficiency of the 
vascular system. Arterial stiffness, resulting from 
arterial elasticity loss, is an important indicator of 
vascular aging. Understanding the relationship be-
tween vascular aging and arterial stiffness contrib-
utes to a better understanding of age-related diseas-
es, including coronary heart disease, diabetes, heart 
failure, and atherosclerosis [31; 32].

Currently, the PPG method is increasingly 
used to assess arterial stiffness for early screening 
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of coronary heart disease and arrhythmia risk. This 
optical technology measures changes in blood vol-
ume within tissue microvascular beds by detecting 
variations in light absorption. The PPG signal is 
considered a promising tool for evaluating vascu-
lar age and can be applied in both clinical and con-
sumer devices. The morphology and temporal pa-
rameters of the PPG pulse wave reflect physiologi-
cal vascular aging, alterations in arterial stiffness, 
changes in blood pressure, and the development of 
atherosclerosis. Consequently, numerous methods 
have been developed to estimate vascular age based 
on PPG analysis [32-34].

International researchers, including Redjan 
Ferizoli and colleagues, assessed arterial stiffness 
by applying a feature-extraction method to PPG 
signals and analyzed their relevance to CVS in vitro 
to identify morphological features associated with 
increased vascular stiffness. In their study, artificial 
vessels were created to simulate various stages of 
healthy and diseased arteries. Using PPG, distinct 
morphological changes were recorded that corre-
lated with arterial stiffness parameters. The results 
demonstrated that PPG signals exhibited the great-
est changes in amplitude-related characteristics, 
while infrared parameters reflecting pulse width 
were more closely associated with alterations in ar-
terial stiffness [35].

The COVID-19 pandemic has significantly 
influenced research directions and outcomes, in-
cluding studies on arterial stiffness assessment. Re-
cent studies indicate that individuals who have re-
covered from COVID-19 show notable differences 
in vascular function compared to those without a 
history of infection. Arterial stiffness was also found 
to be higher in men than in women (p < 0.001). A 
recent PPG-based study demonstrated that patients 
with hypertension who had recovered from CO-
VID-19 exhibited significantly higher heart rates 
compared to hypertensive patients without a history 
of COVID-19 (p < 0.001). These findings suggest 
that the increased incidence of CVD may also be, in 
part, a consequence of the SARS-CoV-2 pandemic, 
which lasted from 2019 to 2023 [36; 37].

Vallée et al. identified the additional prog-
nostic value of arterial stiffness in assessing the 
risk of developing atherosclerotic CVD. They dem-
onstrated a nonlinear relationship between arte-
rial stiffness levels and the 10-year CVD risk, as 
calculated using a pooled cohort equation model 

(p < 0.001). These findings further confirm that in-
creased arterial stiffness is associated with a higher 
risk of cardiovascular complications. Analysis of 
the PPG signal allows not only the assessment of 
long-term (10-year) risk but also the early detection 
of cardiovascular pathology [35; 38; 39].

Studies conducted by Dewig (2023) us-
ing Bayesian analysis and by Kantrowitz (2025) 
showed that the SDNN metric exhibits the great-
est stability across measurement methods, whereas 
rMSSD demonstrates lower equivalence between 
pulse rate variability and HRV metrics. This differ-
ence may significantly influence the interpretation 
of their relationship with arterial stiffness param-
eters [40]. Additional technical and clinical studies 
conducted between 2023 and 2025 (Zieff, 2023; 
Hellqvist, 2024-2025; Vargas, 2025) assessed pulse 
wave velocity and pulse wave characteristics us-
ing PPG and wearable devices. The results of these 
studies have substantially contributed to under-
standing the limitations in accuracy, reproducibil-
ity, and scalability of PPG-based methods, which 
are critical for their clinical application and integra-
tion into personalized cardiovascular health moni-
toring technologies [41-43].

The prognostic role of PPG and artificial 
intelligence in determining the risk of developing 
cardiovascular diseases

The introduction of AI has led to unprec-
edented advances in medicine, and these modern 
technologies have the potential to significantly im-
prove the diagnosis, treatment, and prevention of 
many diseases. The development of medical AI is 
closely linked to advances in deep machine learn-
ing algorithms. For example, some studies have 
demonstrated remarkable success in establishing 
correlations between PPG parameters and various 
biological processes and systems. This integration 
has significantly facilitated progress in cardiovas-
cular assessment [18;44-46].

Weng et al. (2023) developed a deep learn-
ing-based CVD risk score (DLS) to predict the risk 
of cardiovascular events using only age, gender, 
smoking status, and changes in PPG as risk factors. 
The results showed that the deep learning model 
provided statistically significant predictive infor-
mation about CVD risk (p < 0.05) [18].

Machine learning algorithms can analyze 
large volumes of data and identify patterns associ-
ated with specific diseases. In a recent study, Abdul-
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lah S et al. developed a machine learning approach 
to assess hypertension stages using PPG. The de-
velopers developed three machine learning models 
(DT, LDA, and LSVM) for classifying CVDs. Re-
sults showed that the DT model achieved 96.87 % 
accuracy, LDA 84.37 %, and LSVM 93.75 % on 
the test dataset. Thus, integrating PPG with AI can 
serve as an informative digital biomarker for strati-
fying hypertension severity, with important clinical 
implications for assessing vascular risk and imple-
menting early preventive measures to slow disease 
progression [44]. However, the study did not as-
sess the models’ ability to predict clinical outcomes 
such as cardiovascular morbidity or hypertension-
related complications.

Bartels et al. (2024) reported on the feasibil-
ity of estimating age as a proxy for vascular aging 
using PPG signals obtained from smartphones dur-
ing real-life user activity. The study highlights the 
potential of such approaches for scalable popula-
tion screening and remote monitoring of vascular 
health. Nevertheless, the authors noted significant 
limitations related to signal quality variability, the 
presence of artifacts, and the need for more sophis-
ticated adaptive filtering and data-cleaning meth-
ods to ensure reliable estimates [45].

Current research confirms that PPG and 
HRV can serve as informative digital biomarkers 
for assessing cardiovascular risk. The application of 
AI methods, including machine learning and deep 
learning, enables the integration of multiple PPG and 
HRV features with clinical data, enhancing patient 
stratification based on CVD risk. Recent studies (Nie 
et al., 2025; Weng et al., 2023; Abdullah & Kristof-
fersson, 2023) highlight the high potential of these 
approaches for predicting vascular aging, arterial 
stiffness, and hypertension severity [44; 45].

The integration of AI with PPG and HRV 
parameters represents a promising tool for cardio-
vascular risk prediction. However, standardization, 
external validation, improved data quality, and the 
development of interpretable models are necessary 
for clinical implementation. Future research should 
address existing methodological and clinical gaps 
to ensure that these digital biomarkers become reli-
able components of personalized medicine in car-
diology [46].

Discussion
The articles analyzed demonstrate that PPG 

plays an important role in diagnosing CVD. Based 

on our literature review, we conclude that PPG sig-
nals may be a prognostic marker of CVD risk, as 
supported by studies conducted by Izabela Szolty-
sek-Boldys et al. in patients with hypertension and 
atherosclerosis. The study demonstrated that arte-
rial stiffness, assessed by PPG signals, is an early 
indicator of CVD. Furthermore, PPG studies have 
proven useful for monitoring nighttime increases in 
blood pressure. With the widespread use of sleep 
tracking devices with embedded photoplethysmo-
graphic sensors, this approach may provide a means 
for large-scale assessment of nocturnal blood pres-
sure fluctuations in individuals with normal blood 
pressure and, potentially, a tool for identifying indi-
viduals at risk for cardiovascular or cerebrovascu-
lar disease. This further demonstrates the prognos-
tic value of PPG studies [36; 48]. 

Imaging methods for diagnosing CVD and 
vascular aging are expensive, often impractical, and 
require specialist involvement. Imaging techniques 
such as MRI and angiography must be performed 
in a hospital setting, where qualified specialists are 
available to acquire images and record data. This 
complicates the approach of outpatient patient 
monitoring. Therefore, a practical, specialist-inde-
pendent, and relatively inexpensive diagnostic tool 
is crucial for continuous, real-time monitoring of 
vascular aging [49]. 

This literature review discusses the impor-
tance and practicality of PPG in medicine. PPG’s 
ease of use enables long-term studies to determine 
whether prevention and treatment methods for 
CVD and vascular aging can alter arterial stiffness 
and HRV, and whether a PPG-based device can de-
tect the risk of developing CVD.

However, the use of PPG to predict cardio-
vascular risk has some limitations, as arterial stiff-
ness parameters measured by PPG depend on signal 
quality, which in turn depends on the patient’s skin 
properties at the time of measurement, including 
individual skin texture, blood oxygen saturation, 
blood flow velocity, skin temperature, and measure-
ment conditions. Therefore, the accuracy of heart 
rate extraction from the PPG signal, as well as the 
standardization of the resulting signals, remains an 
unresolved technical issue [50].

Despite PPG’s long history, the physiologi-
cal model of photoplethysmographic signal forma-
tion remains a subject of ongoing debate. In many 
studies, the potential of continuous monitoring of 



127

THE JOURNAL KAZAKH-RUSSIAN MEDICAL UNIVERSITY

non-invasive signals, particularly the integration of 
FPG and ECG, is being investigated to improve the 
efficiency of early detection and diagnosis of heart 
failure. In this way, FPG analysis can be used in the 
future for the instant diagnosis of heart failure [51].

In this literature review, we discussed the 
importance of a deep learning model for estimating 
the age of AI-FPG to optimize the assessment of 
the CVS condition. This proves the generalizability 
of future research using FPG-signals with machine 
learning.

Conclusions
PPG is currently considered a promising 

non-invasive method for the early detection of car-
diovascular disorders and assessment of cardiovas-
cular risk. Analysis of PPG signals provides valu-
able information on vascular wall condition, arte-
rial stiffness, HRV, and other functional parameters 
of CVS , enabling the early detection of subclinical 
changes.

Recent studies demonstrate the high ef-
ficiency of machine learning and deep learning 
methods for processing PPG and HRV signals. In-
tegration with AI enhances CVD risk stratification, 
improves the accuracy of predicting vascular aging 
and hypertension stages, and opens new opportuni-
ties for personalized medicine.

In long-term studies, the predictive perfor-
mance of PPG remains limited due to fewer pro-
tocols, high device-compatibility variation, and in-
sufficient clinical trials. Most existing studies are 
cross-sectional, limited, or the cohorts lack inclu-
sivity.

To increase the clinical relevance of PPG, 
large, long-term prospective studies are needed. 
Standardizing methods for PPG and HRV signal 
acquisition and processing, along with developing 
interpretable and robust AI models, is essential. Fu-
ture research should focus on improving the accu-
racy of measuring PPG parameters, such as HRV, 
SDNN, RMSSD, and LF/HF, across physical and 
daily activities, and on integrating PPG parameters 
with other biomarkers to assess CVDs.

The combination of PPG with modern AI 
technologies plays a key role in the early and ac-
curate diagnosis of vascular aging, assessing arte-
rial stiffness, and cardiovascular risk stratification. 
The planned assessment may play a critical role in 
prevention strategies and early intervention in car-
diovascular disease management.
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Аңдатпа
Кіріспе. Бұл әдеби шолу фотоплетизмография мен жүрек соғу ырғағының вариабельділігін 

қолдана отырып, жүрек-қан тамырлары қаупін бағалаудың заманауи әдістеріне арналған. Тамыр 
қабырғасының жағдайын, артериялардың қаттылығын, жүрек соғу жиілігін және микроциркуляция-
ны талдаудың инвазивті емес тәсілдері, сондай-ақ олардың жүрек-қантамырлары қауіп факторлары-
мен байланысы қарастырылады.

Мақсаты: Фотоплетизмографияның жүрек-қантамырлары қаупін ерте анықтаудың инвазивті 
емес әдісі ретіндегі мүмкіндігін талдау және оны клиникалық тәжірибеде кеңінен қолдану 
қажеттілігін негіздеу.

Материалдар мен әдістер: PubMed, Google Scholar, Cochrane кітапханасы, Scopus Preview, 
eLibrary және Cyberleninka дерекқорларында жүрек соғу ырғағының вариабельділігін және фото-
плетизмографияны бағалау әдістері бойынша халықаралық және отандық дереккөздер ізделді. Іздеу 
кезеңі соңғы 10 жылды қамтыды. 

Нәтижелер және талқылау: Шолу фотоплетизмография мен жүрек соғу ырғағының 
вариабельділігінің субклиникалық тамырлық өзгерістерді көрсетуге және жүрек-қантамырлары 
оқиғаларын болжауға қабілетті ақпараттық сандық маркерлер ретінде мүмкіндігін көрсетті. Де-
генмен, шолу барысында шектеулер де анықталды: стандартталған сигнал жазу хаттамаларының 
жоқтығы, деректер сапасының өзгергіштігі, ұзақ мерзімді клиникалық нәтижелердің болмауы және 
модельдердің сыртқы валидациясының шектеулілігі. Ұсынылған деректер жүрек-қантамырларының 
денсаулығын кешенді бағалау үшін әрі қарай перспективалық зерттеулер жүргізу, сигнал сапасын 
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жақсарту, түсіндірілетін жасанды интеллект модельдерін әзірлеу және фотоплетизмография/жүрек 
соғу ырғағының вариабельділігінің басқа биомаркерлермен біріктіру қажеттілігін растайды.

Қорытынды: Бұл әдеби шолу фотоплетизмографияның ерте жүрек-қан тамырларын бағалау 
үшін перспективалы және қолжетімді инвазивті емес әдіс екенін көрсетеді. Фотоплетизмография 
сигналдарын талдау артериялық қаттылықты, тамыр тонусын және жүрек-қан тамырлары қаупімен 
байланысты басқа да ерте субклиникалық өзгерістерді анықтауға мүмкіндік береді. Дегенмен, жоғары 
әлеуетіне қарамастан, әдістің клиникалық қолданылуы стандартталған хаттамалардың жоқтығы, 
құрылғылардың гетерогенділігі, деректер сапасының өзгергіштігі, клиникалық валидацияның 
жеткіліксіздігі және ұзақ мерзімді нәтижелері жоқ көлденең қима зерттеулердің басымдығымен 
шектеледі.

Түйін сөздер: фотоплетизмография, жүрек ырғағының вариабелділігі, артериялық 
қаттылық, жүрек-қан тамырлары қаупі, жасанды интеллект, сандық биомаркерлер.

КЛИНИЧЕСКОЙ ПРИМЕНЕНИЕ ФОТОПЛЕТИЗМОГРАФИИ ДЛЯ ВЫЯВЛЕНИЯ РИСКА 
РАЗВИТИЯ СЕРДЕЧНО-СОСУДИСТЫХ ЗАБОЛЕВАНИЙ

А. Б. Бугибаева*¹,  С. A. Абзалиева², К. Б. Абзалиев², Т. М. Абдирова1, 
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Аннотация
Введение. Настоящий литературный обзор посвящён современным методам оценки сердеч-

но-сосудистого риска с использованием фотоплетизмографии и вариабельности сердечного ритма. 
Рассмотрены неинвазивные подходы к анализу состояния сосудистой стенки, артериальной жест-
кости, сердечного ритма и микроциркуляции, а также их связь с факторами риска сердечно-сосуди-
стых заболеваний. 

Цель. Проанализировать возможности фотоплетизмографии как неинвазивного метода ран-
него выявления риска сердечно-сосудистых заболеваний и обосновать необходимость её более ак-
тивного применения в клинической практике.

Материалы и методы. Проведен поиск зарубежных и отечественных источников в базах 
данных PubMed, Google Scholar, Cochrane Library, Scopus Preview и eLibrary, CyberLeninka. посвя-
щенных методам оценки показателей вариабельности сердечного ритма и фотоплетизмографии. 
Глубина поиска составила 10 лет. 

Результаты и обсуждение. Обзор выявил перспективность фотоплетизмографии и вариа-
бельности сердечного ритма как информативных цифровых маркеров, способных отражать субкли-
нические сосудистые изменения и предсказывать кардиоваскулярные события, при этом подчер-
кнуты существующие ограничения: необходимость стандартизации протоколов записи сигналов, 
вариабельность качества данных, отсутствие долгосрочных клинических исходов и ограниченная 
внешняя валидация моделей. Представленные данные подтверждают необходимость дальнейших 
проспективных исследований, улучшения качества сигналов, разработки интерпретируемых AI-
моделей и интеграции фотоплетизмографии/вариабельности сердечного ритма с другими биомарке-
рами для комплексной оценки сердечно-сосудистого здоровья. 

Выводы. Литературный обзор показывает, что фотоплетизмография является перспективным 
и доступным неинвазивным методом ранней оценки сердечно-сосудистого состояния. Анализ Фото-
плетизмографии-сигналов позволяет выявлять артериальную жёсткость, сосудистый тонус и другие 
ранние субклинические изменения, связанные с риском сердечно-сосудистых заболеваний. Однако, 
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несмотря на высокий потенциал, клиническое применение метода ограничено отсутствием стан-
дартизированных протоколов, разнородностью устройств, вариабельностью качества данных и не-
достаточной клинической валидацией, а также преобладанием кросс-секционных исследований без 
долгосрочных исходов.

Ключевые слова: фотоплетизмография, вариабельность сердечного ритма, артериальная 
жесткость, сердечно-сосудистый риск, искусственный интеллект, цифровые биомаркеры.
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