Antali et al. Artery Research (2025) 31:5

https://doi.org/10.1007/544200-025-00068-w Arte ry Research

. ®
Evaluation of the Age Dependence ey

of Conventional and Novel
Photoplethysmography Parameters

Flora Antali', Daniel Kulin'?, Séndor Kulin? and Zsuzsanna Miklés'

Abstract

Background Cardiovascular (CV) mortality increases with age partly due to physiological ageing of the CV system.
Early vascular ageing raises CV risks. Personalizing CV risk assessment by defining CV age could reduce CV events.
Photoplethysmography (PPG), which analyses the peripheral arterial pulse wave, may be an effective method for esti-
mating CV age. Ageing index (AGEi) and some other PPG parameters were proven to have age correlation; however,
the age dependence of many other pulse wave parameters remains unclear. We aimed to identify age correlations

of PPG indices and pulse rate variability (PRV) parameters including a few novel parameters which were calculated

to further investigate the various aspects of ageing.

Our study included 118 healthy (M/F: 53/65, mean age: 31.8+ 11.8 SD) volunteers for PPG parameter calcula-

tion and 106 (M/F: 44/62, mean age: 32.6+12.2 SD) for PRV parameters (age: 19-74). 2-min pulse wave recording
was obtained using a pulse oximeter. An automated, proprietary software evaluated PPG and PRV parameter values,
which were compared with chronological age (Pearson correlation and non-linear analysis).

Results PPG parameters describing various time-dependent aspects of cardiac ejection positively correlated

with age, while those indicating arterial elasticity showed negative correlation. Composite PPG parameters proposed
as indicators of CV health and fitness had negative, non-linear correlation. Most PRV parameters exhibited negative
correlation, indicating reduced adaptive capacity due to ageing (p <0.05, Irl > 0.3).

Conclusions PPG-based pulse waveform analysis provides a wide range of age-related parameters which display
different patterns of age correlation, making it a promising method for estimating cardiovascular age. Future studies
will include subjects with vascular ageing conditions beyond physiological values (e.g., hypertension, heart failure,
coronary artery disease).
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1 Introduction
Cardiovascular (CV) diseases, including atherosclero-
sis and stroke are major public health challenges, con-
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new, affordable biomarkers that reflect (CV) aging is crit-
ical for improving treatments and preventive strategies.

Peripheral pulse wave analysis may offer a valuable
method for monitoring CV health and predicting disease
progression [5, 6]. Calculating heart rate from continuous
pulse wave recordings may have relevance in diagnostics,
as pulse rate variability (PRV) is an important indicator
of various diseases [7-9]. Beyond PRV, the morphologi-
cal characteristics of pulse waves have yielded consider-
able attention, with numerous studies suggesting that
these parameters may be associated with CV disease
states such as atherosclerosis and heart failure [5, 10, 11].

Photoplethysmography (PPG) is a simple, easily acces-
sible, and highly repeatable method for real-time moni-
toring of pulse waves [12]. This non-invasive technique
involves illuminating the skin and tissues below, typi-
cally the finger, with an LED and measuring the intensity
of the reflected or transmitted light, which corresponds
to pressure changes in the vascular system. Importantly,
PPG has no known adverse effects [13].

The promising results from previous studies suggest
that PPG-based pulse wave analysis could gain traction in
CV diagnostics and home monitoring in the near future
[14]. While it holds potential as a tool for assessing CV
aging, its broader use is constrained by the limited inves-
tigation of age-related correlations in most PPG-derived
parameters. Although some parameters have been linked
to age-related changes, most studies have focused on the
age dependence of individual or a few selected parame-
ters, leaving the majority unexplored [6, 15-17].

However, a combination of parameters or composite
measures derived from multiple parameters might bet-
ter capture age-related changes than single parameters
alone. PPG-based monitoring devices, equipped with
advanced algorithms, enable the simultaneous assess-
ment and complex analysis of numerous parameters [5,
18]. Consequently, research aimed at identifying a set of
simultaneously recorded PPG features with the strong-
est correlation to CV age could significantly enhance the
potential of PPG-based pulse wave analysis. Additionally,
most published studies have assumed linear age depend-
ence of parameters [15-17], which may not accurately
reflect reality. Many parameters could exhibit non-linear
relationships with age, particularly in women, where CV
changes accelerate after menopause.

The primary goal of our research was to identify age-
dependent changes in a large set of simultaneously
recorded pulse wave parameters, including PRV parame-
ters, pulse morphology parameters and newly developed
composite score parameters, aiming to establish the util-
ity of PPG-based pulse wave analysis as a tool to assess
CV aging. For this purpose, we utilized an efficient,
automated software that enables accurate, rapid, and
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reproducible evaluation of large datasets; and a compre-
hensive database of pulse wave data from a healthy adult
population was established. To better characterize age-
dependent parameter changes, we used both linear and
non-linear analyses to describe age-related trends.

2 Methods

Participants were required to meet specific inclusion cri-
teria, including self-reported good physical and mental
health, absence of CV disease, no use of CV medications,
non-pregnancy, a BMI between 18 and 26 kg/m? non-
smoker status, negligible alcohol consumption, and no
reported history of chronic or cancerous diseases.

Subjects were primarily recruited from among the
healthy employees, relatives of employees, and students
of Semmelweis University. Recruitment was facilitated by
the University’s Occupational Health Service and social
networking platforms. All tests were conducted in the
laboratory facilities of Semmelweis University. The study
protocol was designed in accordance with the Declara-
tion of Helsinki and approved by the Semmelweis Uni-
versity Regional and Institutional Committee of Science
and Research Ethics (approval number: 120/2018).

Participants provided informed consent and completed
a health questionnaire, which collected personal and
health-related data, including medical history, lifestyle,
and medication use. Blood pressure (BP) was measured
three times using an automatic sphygmomanometer.
Subjects with systolic BP higher than 140, and/or dias-
tolic BP exceeding 90 mmHg were excluded from the
study. All data was recorded anonymously.

Pulse wave recordings were obtained using a Berry BM
1000B pulse oximeter placed on the right index finger.
This non-invasive device, certified by the manufacturer,
recorded pulse waves for 140 s while the participant
remained seated and still. The pulse oximeter transmitted
data via Bluetooth to a mobile application (SCN4ALL/
HeartReader), developed by E-Med4All Europe Ltd.
(Budapest, Hungary), which uploaded the recordings to
a secure online database. The studies for the repeatabil-
ity and reliability of the measurements, along with the
detailed description of signal processing methods of the
system have already been published [19, 20]. Briefly, the
measurement takes 140 s to be completed. Due to fil-
tering and preprocessing reasons discussed in detail by
Kulin et al. [19], 120 s of the recording is used for further
analysis. Parameters were defined for each individual
cycle that met certain predefined signal quality criteria,
and the average of these values was reported.

The proprietary software used for analysis identified
fiducial points on the pulse wave, allowing for the calcu-
lation of both classical and novel pulse wave parameters
(PPG parameters), including pulse rate variability (PRV
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parameters) metrics. The primary criterion for selecting
parameters was to choose those that, according to the lit-
erature, describe various aspects of CV function—such
as temporal relationships, arterial elasticity, and auto-
nomic function—and have previously been reported to
correlate with CV age, mortality, and (severity) of vari-
ous CV diseases. Table 1. shows the parameters and their
descriptions.

The parameter values obtained from the pulse wave-
form analysis were compared with the age (in years) of
the volunteers (JASP 0.19.1 software, JASP Team (2024))
using Pearson correlation and Generalised Additive
Models (GAM) analysis (Google Colaboratory. Retrieved
December 14, 2024, from https://colab.research.google.
com/). GAM is an advanced statistical modelling method
designed to capture both linear and non-linear relation-
ships between variables. (see the ‘Additional filel.docx’
for a more detailed description of the model). A p value
of < =0.05 was accepted as significant throughout.

During the preparation of this work the author(s) used
ChatGPT and Grammarly to improve the readability and
find shorter expressions to fit word limit. After using
these tools/services, the authors reviewed and edited
the content as needed and took full responsibility for the
content of the publication.

3 Results

Our study included 118 healthy (M/F: 53/65, mean age:
31.8+11.8 SD) volunteers for PPG parameter calcula-
tion and 106 (M/F: 44/62, mean age: 32.6+12.2 SD) for
PRV parameters. Participants were aged between 19 and
74 years.

The relationship between age and CV function may
encompass both linear and non-linear factors. To com-
prehensively evaluate this, we performed two distinct
analyses: a Pearson correlation to assess linear associa-
tions and a GAM analysis to capture potential non-linear
trends.

Tables 2. and 3. summarize the results of Pearson
correlation and GAM analysis between PPG and PRV
parameters and age.

3.1 Pearson Correlation Analysis

Among the conventional PPG morphology parameters
that significantly correlated with age, AGEi (r=0.485),
SysAlpha (r=-— 0.418), and d/a (r=— 0.376) (Fig. 1A)
demonstrated the strongest age dependence. Addition-
ally, time-related parameters of the PPG curve that
characterize ejection-related ventricular activity, such
as ET(PPG) (r=0.589), Crest Time (r=0.570), LVETi
(r=0.539), and the proprietary parameters eLVET1*
(r=0.548) and eLVET2* (r=0.450), also exhibited strong
correlations with age (Table 2., Fig. 2.).
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Furthermore, age correlation was observed in other
novel parameters, including DNi* (r=-0.517) and
c-d incidence* (r=0.419) (Fig. 1B). Finally, all propri-
etary score parameters demonstrated significant cor-
relations with age: Heart Fitness Score (r=— 0.493), CV
Health Score (r=— 0.450), and Total Score (r=— 0.301)
(p<0.001 for all cases).

Several of the PRV parameters exhibited a moderate,
but significant negative correlation with age (Table 3.
and Fig. 3.). The cTotalPower (r=— 0.325) (Fig. 3A) and
c¢SDRR (r=— 0.401) parameters (Fig. 3B) exhibited the
strongest age dependence (p<0.001) among frequency-
domain and time-domain measures, respectively. The age
correlation of non-linear PRV parameters proved to be
weaker, except for cSD2 (r=— 0.428).

3.2 GAM Analysis

The GAM analysis allowed the identification of non-lin-
ear trends. Similar to the Pearson correlation analysis,
this analysis also found significant correlations (p <0.05)
between age and PPG parameters, except for Si and b/a
parameters. Among the PRV parameters, cSDRR, cTotal-
Power, cHFpow and ¢SD2 were significantly correlated
with age based on GAM analysis. The GAM analysis
confirmed linear (for AGEi, LVETi, eLVET2* DNi*,
SysAlpha) or near-linear (for b/a, d/a, Ri, Si) relation-
ship between most PPG parameters and age. However,
for some parameters, a non-linear trend with age was
observed.

All Score parameters demonstrated a clear non-linear
decline, especially after the age of 40. (Fig. 4A and B). The
eLVET1* and c-d incidence* parameters showed a mod-
erate non-linear upward trend followed by a plateau.

Crest Time exhibited extreme non-linearity with multi-
ple inflection points (Fig. 4C).

For PRV parameters, cTotalPower and cSDRR showed
a clear linear decrease with age. The cMHR did not have
a significant correlation with age (nor did it when Pear-
son correlation analysis was performed) (Fig. 4D).

4 Discussion

From a public health perspective, addressing the assess-
ment and monitoring of CV ageing is crucial, as CV
diseases continue to be the leading cause of mortality,
particularly in older populations. As the global popula-
tion ages, the demand for reliable, non-invasive methods
to meet this need is increasing. Photoplethysmography
(PPG) appears to be a promising tool in this regard, as
it offers a simple but effective way to monitor CV func-
tion by pulse wave analysis. Although the age correlation
of some PPG parameters has been investigated, the full
scope of age-related changes in pulse wave character-
istics is not yet fully evaluated. [21-23] This study, by
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Table 2 Results of correlation analysis of PPG parameters and
age

Correlation
values of PPG
parameters with

PPG parameters Results of GAM analysis of
the relationship between

age and PPG parameters

age
Pearson’sr p Deviance EDOF p
explained
Conventional PPG parameters
ET(PPG) 0.589 <.001 04000 56458 <.001
Crest Time 0.570 <.001 05092 124659 <.001
LVETi 0539 <.001 0.2944 2.5483 <.001
AGEi 0.485 <.001 0.2385 25483 <.001
SysAlpha -0418 <.001 0.1834 25483 <.001
d/a -0.376 <.001 0.1540 25483 <.001
b/a 0.207 0.025 0.0487 25483 0.052
Si 0.181 0.050 0.0708 27463 0.099
Ri -0.159 0.085 0.0635 2.8567 0.010
Novel PPG parameters
elLVETT* 0.548 <.001 03574 56458 <.001
DNi* -0.517 <.001 02693 25483 <.001
elVET2* 0450 <.001 0.2063 25483 <.001
c-d incidence* 0419 <.001 02459 56458 <.001
PPG Score parameters
Heart Fitness -0.493 <.001 03310 33728 <.001
Score*
CV Health Score*  -0.450 <.001 0.2253 27463 <.001
Total Score* -0.301 <.001 0.1815 33728 <.001

EDOF effective degrees of freedom, ET(PPG) left ventricular ejection time
measured by PPG, LVETi left ventricular ejection time index, AGEi ageing-index,
SysAlpha systolic slope inclination, d/a and b/a ratios of the different inflection
points of the second derivative of the pulse wave, Si stiffness index, Ri reflection
index, eLVET1* and eLVET2* the early left ventricular ejection time 1 and 2 are the
two-time components of "Crest Time", DNi* dicrotic notch index, c-d incidence*
c-d point detection ratio, Score parameters scores were calculated based on the
30+ parameters derived from the proprietary analysis of the 2 min pulse-wave
recording

" These parameters are developed by our research group. Most of them are not
yet validated in clinical studies

For more information on GAM and an explanation of its measured values, see
the Additional file1.docx

For a more detailed description of the PPG parameters, see Table 1

examining both conventional and novel PPG parameters,
as well as PRV characteristics, provides a more compre-
hensive understanding of the effects of chronological
ageing on the pulse waveform morphology. The impor-
tance of our research is emphasized by the fact that age is
arguably the most significant risk factor for CV morbidity
and mortality. This is supported by the results of Pencina
et al. who found that age, sex, and race capture 63% to
80% of the prognostic performance of CV risk mod-
els [24]. This is further emphasized in the Framingham
risk score, where age contributes more to the total risk
score than any other variable. [25] Our study identified
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a diverse set of simultaneously recorded PPG parameters
including ones that are related to cardiac ejection time,
arterial elasticity and loss of PRV. These findings high-
light the correlation of PPG parameters with chrono-
logical age, suggesting their potential use for monitoring
age-related CV changes and evaluating CV health across
different age groups. In addition, a major strength of this
study lies in the use of a proprietary, automated software
system capable of analyzing large datasets with high effi-
ciency that enhance reliability, ensures the reproducibil-
ity of study’s results [19].

Among the 16 PPG morphology parameters, ET,
including its subcomponent eLVET1, as described by our
research group, and LVET], as described by Weber et al.,
demonstrated the strongest correlations with age, indi-
cating a gradual decline in CV efficiency as individuals
age [21, 26, 27]. Using GAM analysis, an extreme non-
linear relationship with multiple inflection points was
observed between crest time and age. This is probably
due to sparse sampling in older age groups. This high-
lights the sensitivity of nonlinear models to small sample
sizes and outliers.

Arterial stiffening due to loss of arterial elasticity and
structural changes in the vascular wall, such as increased
collagen deposition and reduced elastin, is a hallmark of
CV aging and contributes to elevated CV risk [28]. There-
fore, reliable characterization of arterial distensibility by
easily accessible biomarkers is an important step toward
early detection and prevention of CV diseases, as well as
the assessment of vascular aging [5, 29].

Our results also confirmed the findings of previous
studies describing age-dependent changes in the AGEL
AGEi is a parameter derived from the second derivative
of the pulse contour wave, and its correlation with age
and arterial stiffness is widely recognized (as noted by
Takazawa and colleagues) [15].

While pulse wave velocity (PWYV) is often considered
a better measure for assessing CV aging because of its
broader predictive power at the population level, AGEi
shows considerable potential as a complementary tool,
particularly in individual risk assessment. The strong
correlation between the second-derivative PPG signal
parameters, particularly AGEi and PWV, has been pub-
lished in several publications [16, 30]. These results high-
light the potential of AGEi as a practical, non-invasive
measure of individual risk stratification, especially when
measurement of PWV is less accessible. The sensitivity of
AGE] to age-related vascular changes is a valuable addi-
tion to CV diagnostics, complementing PWV’s popula-
tion-level insights. Our study has also shown that DNi
has stronger age dependence than AGEi suggesting that
it may have relevant potential in monitoring a progres-
sive decline in arterial distensibility (DNi, a proposed
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Fig. 1 Scatter plots of correlation results between age and PPG parameters (AGEi and DNi¥). A The scatter plot of the correlation analysis
between age and AGEi, and B the scatter plot of the correlation analysis between age and DNi* parameters
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Fig. 2 Scatter plots of correlation results between age and the ejection-related PPG parameters. A The scatter plots of the correlation analysis
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Table 3 Results of correlation analysis of PRV parameters and
age

Correlation values
of PRV parameters

Results of GAM analysis of
the relationship between

with age age and PRV parameters
Pearson’sr p Deviance EDOF p
Explained
Time domain parameters
cSDRR - 0401 <.001 0.1627 25413 <.001
crMSSD -0.266 0.006  0.0807 25413 0.058
cpNN50 -0.225 0.021 0.0940 29638  0.080
cMRR 0.082 0404 00628 37356 0413
cMHR -0.109 0264  0.0711 37356 0472
Frequency domain parameters
cTotalPower  —0.325 <.001  0.1065 25413 0.028
cHFpow -0.299 0002  0.0902 25413 0.035
cLFpow -0277 0.004 00768 25413 0270
Non-linear parameter
cSD2 -0428 <.001 0.1887 25413 <.001
cSD1 -0.266 0006  0.0807 25413 0.058

EDOF Effective degrees of Freedom, cSDRR The standard deviation of the
interbeat intervals (ms), crMSSD The square root of the mean squared differences
of successive interbeat intervals, coNN50 the proportion of differences of
successive IBls exceeding 50 ms, cMRR the mean normal-to-normal interbeat
interval, cMHR the mean heart rate, cTotalPower It specifies the area under the
complete frequency-domain analysis curve, cHFpow absolute Power of the
high-frequency band, cLFpow absolute power of the low-frequency band; cSD1
and ¢SD2: standard deviation 1 and 2 of the Poincaré plot representing the
length and width of the ellipse fitted to the plot. The c in front of the parameter
name stands for: corrected: automatic detection of irregular cycle lengths and
application of cubic spline interpolation applied

For more information on GAM and an explanation of its measured values, see
the Additional file1.docx

For a more detailed description of the PRV parameters, see Table 1
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marker of aortic distensibility and coronary flow pressure
gradient). Si is another PPG parameter proposed by sev-
eral authors to characterize arterial stiffening. Based on
the previous publication of Millasseau (Determination
of age-related increases in large artery stiffness by digi-
tal pulse contour analysis), PWV and Si are significantly
correlated with each other, and both are correlated with
age. Interestingly, the Si showed a weak correlation with
age in our study [31]. One possible explanation for this
may be the different age and sex distribution of the two
studies. In the study of Millaseau et al., 29 of the 87 par-
ticipants were women; the mean age was 47 years, with
a range of 21-68 years. Whereas our study age distribu-
tion for females found to contain a higher proportion of
women mostly in premenopausal age. These observations
emphasize that precise characterization of age correla-
tion may require accounting for sex-specific differences
and other confounding factors in the analysis; however,
this necessitates analysis performed on large datasets.

In addition to the individual parameters, "composite
scores" of multiple PPG parameters, such as the Total
Score, Heart Fitness Score and CV Health Score, also
showed significant correlations with age, both using
Pearson correlation and GAM analysis. This supports
the unpublished observations of the manufacturer that
suggested strong age dependence of these parameters in
a large inhomogeneous patient population coming from
real-world data of more than 98 000 processed meas-
urements from more than 5 800 individuals in various
age, sex and health status [32]. The composite scores
were developed to simplify the interpretation of CV
health indicators by aggregating multiple PPG-derived
parameters into a single, more user-friendly metric. This
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Fig. 3 Scatter plots of correlation results between age and PRV parameters A The scatter plot of the correlation analysis between age
and cTotalPower, and B the scatter plot of the correlation analysis between age and cSDRR parameters
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approach can make it easier for end-users to track and
understand their metrics, especially for non-specialists
for whom interpretation of multiple individual param-
eters (e.g. 15-20) can be challenging. While the exact
calculation methods for these scores are proprietary,
they are based on established PPG signal features asso-
ciated with vascular and cardiac health. These include
parameters related to arterial stiffness, pulse wave char-
acteristics, and temporal signal dynamics, all of which are
linked to age-dependent CV changes. The validation of
these composite scores as independent predictors of CV
health. requires further studies. However, preliminary
findings suggest that they could support CV risk evalu-
ations. All score parameters in this study showed a clear
non-linear, decreasing relationship with age, especially
after age 40. This sharp decline is consistent with pub-
lished data showing accelerated ageing during middle age
[33].

Some PRV parameters, such as total power (cTotal-
Power) and SDNN (cSDRR), showed a significant cor-
relation with age. Both parameters showed a decrease
with increasing age; this could indicate a less sensitive

autonomic nervous system, which may contribute to the
reduced cardiovascular adaptive capacity observed in the
elderly. This finding is consistent with the existing litera-
ture, which suggests that decreased heart rate variability
reflects reduced autonomic control of the CV system,
and highlights the importance of monitoring autonomic
function through PRV parameters as part of a compre-
hensive CV health assessment. [7-9, 34].

In summary, our results reveal a set of PPG and PRV
parameters associated with age-related changes with
distinct differences between parameters in the aspect
of linearity, emphasizing the potential of simultaneous
recording and analysis of multiple PPG parameters in CV
prevention, though further research is required. Addi-
tionally, combining different PPG parameters has yielded
composite scores with unique age-dependent patterns
which might reflect the non-linear trends of ageing,
which may prove useful in identifying age-related CV
events or conditions. We believe that our study may serve
as a foundational step in developing personalized PPG-
based CV age assessment tools. However, future research
should explore whether individuals positioned above or
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below the correlation trend line represent distinct CV
aging phenotypes, such as early vascular aging or super-
normal vascular aging. [35, 36].

5 Limitations of the study

A limitation of our study is that the age distribution of
the sample population is not fully uniform and may not
be fully representative of the general population. Future
research should, therefore, be extended to a wider, more
diverse cohort to further verify these results.

Clinical validation of the proprietary PPG param-
eters introduced could be a critical next step towards
their wider use and clinical utility. Although the aim of
this study was primarily to explore the age dependence
of these parameters, it is important to outline possible
avenues for future validation. Future studies are planned
to focus on the correlation of the new PPG composite
scores with widely accepted CV risk scores such as the
Framingham Risk Score or the HeartScore (European
Society of Cardiology), as well as with established meas-
ures such as lipid profiles, hs-CRP, plasma creatinine,
carotid Doppler and echocardiography results, and pulse
wave velocity (PWYV). Further validation efforts include
analysing how composite scores interact with clinical and
lifestyle factors, including patient history and modifiable
risk behaviours, to increase their predictive accuracy. In
addition, to ensure wider applicability, we plan to evalu-
ate the performance of these scores in different patient
subgroups, including individuals with different CV risk
profiles and comorbidities. These studies may be benefi-
cial to further refine the interpretation of the identified
age-related indicators, as different PPG parameters may
be more relevant in certain pathological contexts, such as
hypertension or heart failure.

6 Conclusion

This study has successfully identified age-related linear
and non-linear correlations across both conventional and
novel PPG parameters, highlighting their potential as val-
uable indicators of CV ageing. The findings demonstrate
that parameters related to cardiac ejection time, arterial
elasticity, and PRV, among others, consistently corre-
late with age, offering a comprehensive view of how the
CV system evolves over time. The introduction of novel
composite PPG score parameters, which showed notable
age correlations, may complement traditional metrics,
although further validation is needed to confirm their
specific contributions. The clinical relevance of these
findings is that they draw attention to the potential of
pulse wave analysis to monitor CV ageing non-invasively
and position PPG as a promising tool in both clinical
and preventive cardiology. However, translation of this

Page 10 of 11

method to clinical settings requires further research in
patients with various CV conditions and comorbidities.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1007/544200-025-00068-W.

Below is the link to the electronic supplementary material.Supplementary
filel (DOCX 24 KB)

Acknowledgements

We would like to acknowledge all our participants for their time and
assistance during the study. FA and D.K. are PhD candidates at Semmelweis
University. SK.is the CEO and co-owner of E-Med4All Europe Ltd. FA.is a
former employee of E-Med4All Europe Ltd. ZM. is the head of the Department
of Translational Medicine at the National Kordnyi Institute for Pulmonology.

Author Contributions

FA.and DK. designed the study and conducted the data collection; further-
more, they drafted the first version of the manuscript. S.K. contributed to the
analysis and interpretation of the results. Z.M. provided critical revisions to the
manuscript. All authors read and approved the final manuscript.

Funding
No specific funding was received for this study.

Data Availability

The datasets generated and analysed during the current study are not publicly
available, but are available from the corresponding author on reasonable
request.

Declarations

Conflict of interest

FA. DK.and SK. had financial relationships with E-Med4All Europe Ltd. (DK.
and SK. as co-owners; FA. is a former employee who worked during the data
collection period). ZM. is the PhD supervisor of D.K. and FA. ZM. did not
receive any compensation for their contributions.

Ethical approval and consent to participate

The study was conducted in accordance with the Declaration of Helsinki. All
tests were conducted in the laboratory facilities of Semmelweis University. IRB
approval number: 120/2018. Written informed consent was obtained from all
participants involved in the study.

Consent for publication
Participants provided written consent for the publication of study results as
part of their agreement to participate in the study.

Received: 31 October 2024 Accepted: 8 January 2025
Published online: 25 March 2025

References

1. Cardiovascular diseases (CVDs) [Internet]. [cited 2020 Nov 30]. https://
www.who.int/news-room/fact-sheets/detail/cardiovascular-disea
ses-(cvds)

2. Van Camp G. Cardiovascular disease prevention. Acta Clin Belg [Internet].
2014;69(6):407-11. https://doi.org/10.1179/2295333714Y.0000000069.

3. Kovacic JC, Moreno P, HachinskiV, Nabel EG, Fuster V. Cellular senescence,
vascular disease, and aging: Part 1 of a 2-part review. Circulation. 2011.
https://doi.org/10.1161/CIRCULATIONAHA.110.007021.

4. Kovacic JC, Moreno P. Nabel EG, Hachinski V, Fuster V. Cellular senescence,
vascular disease, and aging: Part 2 of a 2-part review: Clinical vascular


https://doi.org/10.1007/s44200-025-00068-w
https://doi.org/10.1007/s44200-025-00068-w
https://www.who.int/news-room/fact-sheets/detail/cardiovascular-diseases-(cvds
https://www.who.int/news-room/fact-sheets/detail/cardiovascular-diseases-(cvds
https://www.who.int/news-room/fact-sheets/detail/cardiovascular-diseases-(cvds
https://doi.org/10.1179/2295333714Y.0000000069
https://doi.org/10.1161/CIRCULATIONAHA.110.007021

Antali et al. Artery Research (2025) 31:5

20.

21.

22.

23.

24.

disease in the elderly. Circulation. 2011. https://doi.org/10.1161/CIRCU
LATIONAHA.110.009118.

Charlton PH, Paliakaite B, Pilt K, Bachler M, Zanelli S, Kulin D, et al. Assess-
ing hemodynamics from the photoplethysmogram to gain insights into
vascular age: a review from VascAgeNet. Am J Physiol - Hear Circ Physiol.
2022. https://doi.org/10.1152/ajpheart.00392.2021.

Elgendi M. On the analysis of fingertip photoplethysmogram signals. Curr
Cardiol Rev. 2012. https://doi.org/10.2174/157340312801215782.
Muhadi NSA, Putranto R, Harimurti K. The ability of detecting heart

rate variability with the photoplethysmography to predict major
adverse cardiac event in acute coronary syndrome. Acta Med Indones.
2016;48(1):48-53.

McManus DD, Chong JW, Soni A, Saczynski JS, Esa N, Napolitano C, et al.
PULSE-SMART: pulse-based arrhythmia discrimination using a novel
smartphone application. J Cardiovasc Electrophysiol. 2016. https://doi.
org/10.1111/jce.12842.

Moreno EM, Lujan MJA, Rusinol MT, Fernandez PJ, Manrique PN, Trivino
CA, et al. Type 2 diabetes screening test by means of a pulse oximeter.
IEEE Trans Biomed Eng. 2017. https://doi.org/10.1109/TBME.2016.25546
61.

O'Rourke MF, Jiang APXJ. Pulse wave analysis. Brit J Clin Pharmacol. 2001.
https://doi.org/10.1046/j.0306-5251.2001.01400.x.

. Hametner B, Weber T, Wassertheurer S. Heart failure: insights from the

arterial waves. J Am Heart Assoc. 2023. https://doi.org/10.1161/JAHA.123.
029116.

Allen J. Photoplethysmography and its application in clinical physiologi-
cal measurement. Physiol Meas. 2007. https://doi.org/10.1088/0967-
3334/28/3/R01.

Allen J, Kyriacou P. Photoplethysmography: Technology, Signal Analysis
and Applications. Photoplethysmography Technol Signal Anal Appl. 2021
Jan 1;1-490. ISBN: 9780128233740

Charlton PH, Allen J, Bailon R, Baker S, Behar JA, Chen F, The, et al. Wear-
able photoplethysmography roadmap. Physiol Meas. 2023. https://doi.
0rg/10.1088/1361-6579/acead?2.

Takazawa K, Tanaka N, Fujita M, Matsuoka O, Saiki T, Aikawa M, et al.
Assessment of vasoactive agents and vascular aging by the second
derivative of photoplethysmogram waveform. Hypertension. 1998.
https://doi.org/10.1161/01.HYP32.2.365.

Bortolotto LA, Blacher J, Kondo T, Takazawa K, Safar ME. Assessment of
vascular aging and atherosclerosis in hypertensive subjects: Second
derivative of photoplethysmogram versus pulse wave velocity. Am J
Hypertens. 2000;13(2):165-71. https://doi.org/10.1016/50895-7061(99)
00192-2.

Allen J, Murray A. Age-related changes in peripheral pulse timing charac-
teristics at the ears, fingers and toes. J Hum Hypertens. 2002. https://doi.
0rg/10.1038/5)jhh.1001478.

Wu H. Multiscale entropy with electrocardiograph, electromyography,
electroencephalography, and photoplethysmography signals in health-
care: a twelve-year systematic review. Biomed Signal Process Control.
2024;1(93): 106124. https://doi.org/10.1016/j.bspc.2024.106124.

Kulin D, Antali F, Kulin S, Wafa D, Lucz Kl, Veres DS, et al. Preclinical,
multi-aspect assessment of the reliability of a photoplethysmography-
based telemonitoring system to track cardiovascular status. Appl Sci.
2020;10(22):1-17. https://doi.org/10.3390/app10227977.

Antali F, Kulin D, Lucz KI, Szabd B, Sz(ics L, Kulin S, et al. Multimodal assess-
ment of the pulse rate variability analysis module of a photoplethysmog-
raphy-based telemedicine system. Sensors. 2021. https://doi.org/10.3390/
521165544,

Allen J, O'Sullivan J, Stansby G, Murray A. Age-related changes in pulse
risetime measured by multi-site photoplethysmography. Physiol Meas.
2020. https://doi.org/10.1088/1361-6579/ab9b67.

Lin WH, Zheng D, Li G. Age-related changes in blood volume pulse wave
at fingers and ears. I[EEE J Biomed Heal informatics. 2024. https://doi.org/
10.1109/JBHI.2023.3282796.

Djuri¢ B, Ziki¢ K, Nestorovi¢ Z, Lepojevi¢-Stefanovi¢ D, Milosevic¢ N, Ziki¢
D. Using the photoplethysmography method to monitor age-related
changes in the cardiovascular system. Front Physiol. 2023;19(14):1191272.
https://doi.org/10.3389/fphys.2023.1191272.

Pencina MJ, Navar AM, Wojdyla D, Sanchez RJ, Khan |, Elassal J, et al.
Quantifying importance of major risk factors for coronary heart disease.
Circulation. 2019. https://doi.org/10.1161/CIRCULATIONAHA.117.031855.

Page 11 of 11

25. Wilson PWF, D'Agostino RB, Levy D, Belanger AM, Silbershatz H, Kannel
WB. Prediction of coronary heart disease using risk factor categories.
Circulation. 1998. https://doi.org/10.1161/01.cir.97.18.1837.

26. Haiden A, Eber B, Weber T. U-shaped relationship of left ventricular ejec-
tion time index and all-cause mortality. Am J Hypertens. 2014. https://doi.
0rg/10.1093/ajh/hpt185.

27. Biering-Serensen T, Querejeta Roca G, Hegde SM, Shah AM, Claggett B,
Mosley TH, et al. Left ventricular ejection time is an independent predic-
tor of incident heart failure in a community based cohort. Eur J Heart Fail.
2017. https://doi.org/10.1002/ejhf.928.

28. Ungvari Z, Tarantini S, Donato AJ, Galvan V, Csiszar A. Mechanisms of
vascular aging. Circ Res. 2018. https://doi.org/10.1161/CIRCRESAHA.118.
311378.

29. Laurent S. Defining vascular aging and cardiovascular risk. J Hypertens.
2012. https://doi.org/10.1097/HJH.0b013e328353e501.

30. Hashimoto J, Chonan K, Aoki Y, Nishimura T, Ohkubo T, Hozawa A, et al.
Pulse wave velocity and the second derivative of the finger photop-
lethysmogram in treated hypertensive patients: their relationship and
associating factors. J Hypertens J Hypertens. 2002. https://doi.org/10.
1097/00004872-200212000-00021.

31. Millasseau S, Kelly R, Ritter J, Chowienczyk P. Determination of age-related
increases in large artery stiffness by digital pulse contour analysis. Clin Sci.
2002. https://doi.org/10.1042/cs1030371.

32. Correlation of HeartReader parameters and scores with age — Heart-
Reader . https://readingtheheart.com/heartreader/correlation_with_age/
Accessed 2024 Nov. 20.

33. Shen X,Wang C, Zhou X, Zhou W, Hornburg D, Wu S, et al. Nonlinear
dynamics of multi-omics profiles during human aging. Nat Aging. 2024.
https://doi.org/10.1038/543587-024-00692-2.

34. Siepmann M, Weidner K, Petrowski K, Siepmann T. Heart rate variability:

a measure of cardiovascular health and possible therapeutic target in
dysautonomic mental and neurological disorders. Appl Psychophysiol
Biofeedback. 2022. https://doi.org/10.1007/510484-022-09572-0.

35. Cunha PG, Boutouyrie P, Nilsson PM, Laurent S. Early vascular ageing
(EVA): definitions and clinical applicability. Curr Hypertens Rev. 2017.
https://doi.org/10.2174/1573402113666170413094319.

36. Bruno RM, Nilsson PM, Engstrém G, Wadstrom BN, Empana JP, Boutouyrie
P, et al. Early and supernormal vascular aging: clinical characteristics and
association with incident cardiovascular events. Hypertens. 2020. https://
doi.org/10.1161/HYPERTENSIONAHA.120.14971.

37. BesleagaT. Photoplethysmography use for Assessment of Mechanical
Alternans in Human Cardiovascular Disease . University College London;
2020. https://discovery.uclac.uk/id/eprint/10100901/

38. Chan GSH, Middleton PM, Celler BG, Wang L, Lovell NH. Automatic
detection of left ventricular ejection time from a finger photoplethys-
mographic pulse oximetry waveform: comparison with Doppler aortic
measurement. Physiol Meas. 2007. https://doi.org/10.1088/0967-3334/
28/4/009.

39. Task Force of the European Society of Cardiology and the North
American Society of Pacing and Electrophysiology. Heart rate variability:
standards of measurement, physiological interpretation and clinical use.
Circulation . 1996 Mar 1 [cited 2016 Nov 25];93(5):1043-65. http://www.
ncbi.nim.nih.gov/pubmed/8598068

40. Gottsater A, Ahlgren AR, Taimour S, Sundkvist G. Decreased heart rate
variability may predict the progression of carotid atherosclerosis in type
2 diabetes. Clin Auton Res. 2006;16(3):228-34. https://doi.org/10.1007/
$10286-006-0345-4.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://doi.org/10.1161/CIRCULATIONAHA.110.009118
https://doi.org/10.1161/CIRCULATIONAHA.110.009118
https://doi.org/10.1152/ajpheart.00392.2021
https://doi.org/10.2174/157340312801215782
https://doi.org/10.1111/jce.12842
https://doi.org/10.1111/jce.12842
https://doi.org/10.1109/TBME.2016.2554661
https://doi.org/10.1109/TBME.2016.2554661
https://doi.org/10.1046/j.0306-5251.2001.01400.x
https://doi.org/10.1161/JAHA.123.029116
https://doi.org/10.1161/JAHA.123.029116
https://doi.org/10.1088/0967-3334/28/3/R01
https://doi.org/10.1088/0967-3334/28/3/R01
https://doi.org/10.1088/1361-6579/acead2
https://doi.org/10.1088/1361-6579/acead2
https://doi.org/10.1161/01.HYP.32.2.365
https://doi.org/10.1016/s0895-7061(99)00192-2
https://doi.org/10.1016/s0895-7061(99)00192-2
https://doi.org/10.1038/sj.jhh.1001478
https://doi.org/10.1038/sj.jhh.1001478
https://doi.org/10.1016/j.bspc.2024.106124
https://doi.org/10.3390/app10227977
https://doi.org/10.3390/s21165544
https://doi.org/10.3390/s21165544
https://doi.org/10.1088/1361-6579/ab9b67
https://doi.org/10.1109/JBHI.2023.3282796
https://doi.org/10.1109/JBHI.2023.3282796
https://doi.org/10.3389/fphys.2023.1191272
https://doi.org/10.1161/CIRCULATIONAHA.117.031855
https://doi.org/10.1161/01.cir.97.18.1837
https://doi.org/10.1093/ajh/hpt185
https://doi.org/10.1093/ajh/hpt185
https://doi.org/10.1002/ejhf.928
https://doi.org/10.1161/CIRCRESAHA.118.311378
https://doi.org/10.1161/CIRCRESAHA.118.311378
https://doi.org/10.1097/HJH.0b013e328353e501
https://doi.org/10.1097/00004872-200212000-00021
https://doi.org/10.1097/00004872-200212000-00021
https://doi.org/10.1042/cs1030371
https://readingtheheart.com/heartreader/correlation_with_age/
https://doi.org/10.1038/s43587-024-00692-2
https://doi.org/10.1007/s10484-022-09572-0
https://doi.org/10.2174/1573402113666170413094319
https://doi.org/10.1161/HYPERTENSIONAHA.120.14971
https://doi.org/10.1161/HYPERTENSIONAHA.120.14971
https://discovery.ucl.ac.uk/id/eprint/10100901/
https://doi.org/10.1088/0967-3334/28/4/009
https://doi.org/10.1088/0967-3334/28/4/009
http://www.ncbi.nlm.nih.gov/pubmed/8598068
http://www.ncbi.nlm.nih.gov/pubmed/8598068
https://doi.org/10.1007/s10286-006-0345-4
https://doi.org/10.1007/s10286-006-0345-4

	Evaluation of the Age Dependence of Conventional and Novel Photoplethysmography Parameters
	Abstract 
	Background 
	Results 
	Conclusions 

	1 Introduction
	2 Methods
	3 Results
	3.1 Pearson Correlation Analysis
	3.2 GAM Analysis

	4 Discussion
	5 Limitations of the study
	6 Conclusion
	Acknowledgements
	References


