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INTRODUCTION

Vascular function assessment has garnered increasing interest in the scientific community 
in recent times. Vascular stiffness is being recognised as a marker of cardiovascular health. 
Increased stiffness is widely considered a surrogate of vascular age and a predictor of morbidity 
and all-cause mortality.[1-5] Therefore, assessment and quantification of vascular stiffness, both in 
the physiology laboratory and the clinics, has immense potential as a screening and diagnostic 
tool for vascular ageing.

Assessment of vascular age can be done using multiple methods. Tonometry-based pressure 
waveform recording at proximal and distal sites along the arterial tree is the gold standard for 
non-invasive vascular stiffness measurement. Oscillometry-based estimation is a relatively 
inexpensive option, with the advantage of simultaneous multisite acquisition. A  combination 
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Objectives: Vascular ageing is increasingly being recognised as a vital marker of cardiovascular morbidity and 
mortality. Assessment of vascular stiffness is an important parameter in this context. Pulse arrival time (PAT) 
assessed using photoplethysmography (PPG) and digital electrocardiogram (ECG) signals is a feasible and cost-
effective parameter for this assessment. However, there are few, if any, studies that have assessed the test-retest 
repeatability of this parameter over time.

Materials and Methods: We computed PAT using finger PPG and Lead II ECG and measured it sequentially 
at five instances over a period of 1 month in 21 healthy adults (10 males and 11  females). Mean and diastolic 
blood pressure (MBP and DBP) and heart rate (HR) were also measured at each visit. A  novel parameter, 
PAT normalised for HR of 75 (PAT-75), was also computed. PAT and PAT-75 were compared for these visits 
using repeated measures analysis of variance. The intraclass correlation coefficient (ICC) was used to assess the 
test-retest reliability of this parameter.

Results: MBP, DBP, and PAT values did not show any difference between the visits. HR was significantly different 
between the visits. PAT-75 was significantly lower for the afternoon of day 1 as compared to the forenoon. ICC 
demonstrated only moderate reliability of PAT (ICC = 0.57), with further reduction observed for PAT-75 (ICC = 0.38).

Conclusion: PAT was only moderately repeatable on repeated evaluation over a 1-month period. This finding 
may have implications for the large-scale applicability of this technology, and therefore, we propose further 
investigation into the repeatability of this parameter in large cohorts.
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of tonometric and oscillometric techniques is now being 
employed to enable quick and multi-segment assessment 
of vascular stiffness. However, equipment based on these 
techniques is costly.

Photoplethysmography (PPG) is now omnipresent with 
increased penetration of clinical and consumer-based 
products, especially smartwatches.[6] PPG employs simple 
optical techniques to bombard microvascular beds with red/
near-infrared light and capture the pulsatile changes in blood 
volume.[7] The applications of PPG range from saturation 
using pulse oximeters and anaesthetic monitoring, including 
respiration and fluid status[8,9], to diverse applications such as 
nociception assessment[10] and haemorheology.[11] The PPG 
signal is also being used to provide valuable clues to vascular 
parameters such as vascular stiffness.[12] Indices derived 
using PPG have been shown to hold promise as predictors of 
vascular ageing.[13]

Pulse arrival time (PAT) is a vascular stiffness marker derived 
using Lead II electrocardiogram (ECG) and PPG signals. It is 
derived as the time lag between the peak of the R wave of the 
ECG signal and the foot of the PPG wave, the two key fiducial 
points. PAT represents a cost-effective way to assess vascular age 
since PPG and Lead II signals can be acquired noninvasively 
with simple and inexpensive hardware requirements. This 
makes PAT a potentially important parameter for vascular 
stiffness measurement since it can be deployed on a large scale.

Recently, attempts are also underway to use the signal to 
measure blood pressure (BP) using cuffless techniques.[14,15] 
Multiple studies have been undertaken to use PPG and ECG 
signals for the purpose of cuffless BP estimation and have 
used parameters derived from two PPG signals, such as pulse 
transit time (PTT) and PAT derived from PPG and ECG.[16-18] 
These studies have used arterial catheter/finger cuff-based 
measurements as the reference. Since PTT has an inverse 
relationship with BP, it is an emerging parameter of interest 
for the purpose of cuffless BP estimation.[19,20] In addition, 
PAT has been shown to have a correlation with systolic 
pressure.[20] Therefore, these indices hold promise for cuffless 
BP measurement in the near future.

The temporal robustness of PAT is likely to have a bearing on 
its large-scale applicability. However, there are few studies that 
have evaluated the test-retest repeatability of PAT. Therefore, 
there is a need for assessment of test-retest reliability of this 
parameter in healthy subjects, when assessed by a single 
observer over multiple visits. In the present work, we explore 
the test-retest reliability of PAT, derived from finger PPG and 
ECG signals, in healthy adults.

MATERIALS AND METHODS

The present work was conducted as a prospective 
observational study in young, healthy adults. The study 

was done in accordance with Strengthening the Reporting 
of Observational Studies in Epidemiology guidelines 
proposed by Enhancing the Quality and Transparency of 
Health Research network.[21,22] After ethical clearance from 
the Institute Ethics Committee, we commenced subject 
recruitment. Healthy adults of either sex were recruited in 
the study after informed written consent. Apparently, healthy 
subjects between 18 and 45 years old were recruited for the 
study. Female subjects were requested to report for the first 
visit between the 2nd and 6th day of the cycle.

The sample size was estimated using the previously described 
value of PAT in healthy subjects.[23] Assuming a precision 
of 0.5 ms, 5% Type I error and power of 80% and standard 
deviation derived from the above-mentioned reference, we 
obtained a sample size of 11.

Data acquisition was performed in a noise free, temperature 
and humidity-controlled environment at the autonomic 
function laboratory at our institution. The subjects reported 
to the laboratory 2  h after a light meal. Abstinence from 
tea, coffee and tobacco was ensured on the day of the test. 
Furthermore, subjects were requested to refrain from heavy 
exercise in the preceding 24 hours of the recording. After 
arrival at the laboratory, height and weight were taken 
using standard protocol. Subjects were requested to empty 
their bladder and provided supine rest for 10  min. BP was 
measured after supine rest using an oscillometric device 
(Omron HEM-8712™ BP device). Systolic BP and diastolic BP 
(DBP) were recorded, and mean BP (MBP) was computed.

Lead II ECG was acquired using disposable Ag-AgCl electrodes 
attached to the Bioamplifier module of the PowerLab 
4/35™ system (AD Instruments, Australia). PPG signal 
was simultaneously acquired using a PPG probe (infrared, 
reflection type photoelectric transducer – MLT1020PPG™) 
attached to the index finger of the right hand. Data were 
acquired in the supine position for a period of 5 min after a 
rest of 10 min. Visual inspection was done to see the presence 
of any ectopics/artefacts. Data were recorded using LabChart 
Pro™ software version  8 (AD Instruments, Australia) and 
stored on a desktop system for offline analysis.

Data were acquired on the forenoon of day 1, between 9 am 
and 12 noon and designated as PAT_V1. The recording was 
repeated on the afternoon of day 1 (between 3 pm and 5 pm, 
PAT_V2), the forenoon of day 2 (PAT_V3), 1  week later 
(PAT_V4) and 1  month later (PAT_V5). All the forenoon 
recordings were done between 9 am and 12 noon. On day 1, 
after the forenoon recording, subjects were requested to have 
a light meal (avoiding caffeinated beverages) and rest. They 
were requested to report to the laboratory between 3 and 5 
pm for PAT_V2 recording.

PAT was calculated as per the methodology proposed by 
Jaryal et al.[24] and further validated by Chandran et al.[25] 
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and Khare et al.[23,26] The Peak of the R wave and the foot 
of the peripheral pulse wave were identified using the peak 
analysis module of LabChart Pro 8™ software. The values 
were computed for a complete 5 min of resting data. The time 
lag between the peak of the R wave and the foot of the finger 
pulse was computed and designated as PAT, as described 
previously [23] [Figure  1]. PAT was computed for every beat 
and averaged over a period of 5 min.

The variation in resting heart rate (HR) at the time of 
measurement was likely to have a bearing on the calculation 
of PAT since it would have a direct impact on the pre-ejection 
period (PEP), an important component of PAT. We computed 
a new parameter, PAT, normalised for HR of 75 (PAT75) to 
negate the difference between visit-to-visit variability in the 
HR of the subjects. Since such computation has not been done 
previously to the best of our knowledge, we calculated this 
parameter assuming a linear relationship between PAT and 
HR. Resting HR was derived from averaging HR from 5 min 
of ECG data obtained at rest. PAT75 was computed for HR 
of 75, assuming a linear relationship between PAT and HR. 
Similar normalisation has been used for the Augmentation 
Index (AIx), wherein AIx was computed for an HR of 75 to 
circumvent the effect of variation in resting HR for different 
measurements.[27,28]

The data thus obtained were tabulated using a spreadsheet 
program (Microsoft Excel 2021™, Microsoft Corporation, 
Redmond, USA). Further, statistical analysis was performed 
using MedCalc™ Statistical Software version  22.030 
(MedCalc Software Ltd, Ostend, Belgium; https://www.
medcalc.org; 2024). Gaussian fit was checked using the 
Shapiro–Wilk test. Repeated measures analysis of variance 
(ANOVA) with post hoc Bonferroni’s test was used to 

compare the parameters over different visits. P  < 0.05 
was considered as statistically significant. Assessment 
of repeatability was done using intraclass correlation 
coefficient (ICC) calculated as a two-way random effect 
model, ICC.[1,2]

RESULTS

A total of 31 subjects completed all five visits for the 
study. After excluding data with artefacts and noise, 
data from 21 subjects was included in the final analysis 
(10  males and 11  females). The mean age of subjects was 
29.57  ±  5.65  years. While the height and weight of female 
subjects were significantly lower than their male counterparts 
(154.1 ± 5.61 cm vs. 171.1 ± 6.76 cm, respectively, P < 0.0001 
unpaired t-test and 57.0 ± 11.45  kg vs. 73.5 ± 13.61  kg, 
respectively, P = 0.007, unpaired t-test), BMI was comparable 
between the females and males (23.93 ± 4.01  kg/m2  vs. 
24.97 ± 3.33 kg/m2 P = 0.52, unpaired t-test).

There were no significant differences between the DBP and 
MBPs for the subjects recorded on five visits (P = 0.93 and 
0.91, respectively, repeated measures ANOVA with post hoc 
test [Figures  2 and 3]). HR was significantly different 
between the visits (P = 0.031, repeated measures ANOVA 
with post  hoc test). However, within-group comparison of 
HRs using post hoc tests did not demonstrate a statistically 
significant difference between means, which is likely due to 
the small sample size [Figure 4].

PAT values were compared for the subjects using repeated 
measures ANOVA with post hoc tests. The PAT value of the 
five visits was statistically comparable (P = 0.06, repeated 
measures ANOVA with post hoc test [Figure  5]). PAT 

Figure  1: Representative record showing the calculation of pulse arrival time in a healthy subject. 
Pulse arrival time (PAT), depicted by double headed arrow, was estimated as the time lag between two 
fiducial points, peak of R wave of Lead II electrocardiogram (ECG, denoted in red colour) and foot 
of finger photoplethysmography (PPG, denoted in blue colour) signal. The fiducial points are shown 
with*. Methodology was adopted from previous literature.
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normalised for HR 75 (PAT75) demonstrated a significant 
difference between the means obtained at different visits 
(P = 0.007, repeated measures ANOVA with post hoc test, 
[Figure  6]). The post hoc test revealed significantly lower 
values for visit 2 when compared with visit 1 (P = 0.04).

Assessment of repeatability by ICC for PAT demonstrated 
moderate repeatability (ICC = 0.57 [0.38, 0.76]) using a two-
way random effects model. When repeatability was assessed 
for PAT normalised for HR of 75 (PAT75), ICC was further 
reduced to 0.38 (0.19, 0.61).

DISCUSSION

Vascular health is increasingly being recognised as an 
important parameter for cardiovascular morbidity and 
mortality. Assessment of vascular function employs a 
multi-pronged approach consisting of endothelial function 
assessment and vascular stiffness. Endothelial function 
is routinely assessed by flow-mediated release. [n, which 
provides an estimate of vasodilatory capability in response to 

Figure  2: Comparison of diastolic blood pressure (DBP) across 
different visits. Visit to visit DBP recorded in healthy subjects over 
five visits. Data expressed as mean ± standard deviation. There was 
no significant difference in DBP across 5 visits (P = 0.93, repeated 
measures analysis of variance with post hoc Bonferroni test). _V 
represents the visit number.

Figure  3: Comparison of Mean blood pressure (MBP) across 
different visits. Visit to visit MBP recorded in healthy subjects over 
five visits. Data expressed as Mean ± standard deviation. There was 
no significant difference in MBP across 5 visits (P = 0.91, repeated 
measures analysis of variance with post hoc Bonferroni test). _V 
represents the visit number.

Figure 4: Comparison of heart rate (HR) across different visits. 
Visit to visit HR recorded in healthy subjects over five visits. Data 
expressed as mean ± standard deviation. There was significant 
difference in HR across 5 visits (P = 0.013, repeated measures 
analysis of variance with post hoc Bonferroni test). However, 
post hoc between group comparisons did not show any significant 
difference amongst the groups. _V represents the visit number.

Figure  5: Comparison of pulse arrival time (PAT) in healthy 
subjects. Visit to visit PAT recorded in healthy subjects over five 
visits. Data expressed as mean ± standard deviation. There was 
no statistically significant difference in PAT values (P = 0.06, 
repeated measures analysis of variance with post hoc Bonferroni 
test). _V represents the visit number.
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shear stress-mediated nitric oxide release.[29,30] This is achieved 
by suprasystolic occlusion of the forearm with measurement 
of arterial diameter using ultrasound post occlusion release.

Vascular stiffness is another important parameter which is 
gaining importance as a marker for cardiovascular disease. 
Pressure waveform estimation at different sites along the 
arterial tree using tonometry is the gold standard of vascular 
stiffness assessment. ECG R wave gated or simultaneous 
acquisition of the pressure signal at a central and peripheral site 
provides an estimate of the stiffness of that arterial segment. 
While tonometry-based estimation provides a reliable estimate 
of stiffness, this is often associated with high hardware prices. 
High-fidelity pressure signal acquisition requires good-quality 
tonometers, which are responsible for the cost.

Therefore, PPG has emerged as a method of vascular stiffness 
measurement when acquired concomitantly with ECG. 
PAT denotes the time lag between the peak of the R wave 
and the foot of the PPG signal. Infra-red based reflectance 
type and transmittance type PPG probes are utilised for this 
purpose.[31] The acquisition of PPG signals by this technique 
is user-friendly, pain-free and allows good quality signal 
acquisition. With the integration of PPG in wearable devices, 
especially smartwatches, the day is not far when smartwatch 
users will be able to measure PAT right from the wrist. We 
would like to highlight that previously, the term PTT was 
used for this parameter,[23,25], but now the PTT is reserved 
for acquisition made using multiple PPG signals. Another 
promising use of PPG technology is a cuffless measurement 
of BP, which is an active area of research.[14,32-34]

PAT can be affected by a multitude of factors. Since the 
computation involves the estimation of the delay between the 
origin of the electrical impulse, leading to ventricular ejection 
and the arrival of the volume pulse at a distal site, the PEP is 
a vital component of this parameter. PEP is the time delay 
between ventricular depolarisation and ventricular ejection. 
It is affected by HR at the time of PAT measurement. In the 
present work, we observed a significant difference in HRs 
[Figure 4], wherein the afternoon values were higher than the 
other values. We could not observe a statistically significant 
difference in HRs on the post hoc test, probably due to our 
small sample size. Another important factor that can affect 
PAT is BP. We compared DBP and MBPs in our subjects and 
did not observe a statistically significant difference among 
the groups (P = 0.93 and 0.91, respectively, repeated measures 
ANOVA with post hoc test [Figures 2 and 3]).

Another important factor that may affect arterial stiffness, and 
thus PAT, is a meal. This was the rationale for the inclusion 
of afternoon measurement (PAT_V2) in our protocol. It has 
been reported that ingestion of high-fat meal leads to an 
increase in Pulse wave velocity and reduction in arterial wave 
reflection in healthy non-smoker males when observed over 
a 4 h period.[35] In another work, carotid-femoral pulse wave 
velocity was reported to increase after consumption of a high-
fat meal in healthy adult males.[36] In a study by Kiran et al., 
intraday variation in arterial stiffness was assessed using a 
novel ultrasound-based ARTSENS™ device. The intraday 
variation was attributed to food intake.[37] However, we would 
like to emphasise that some reports negate the existence of 
diurnal variation in arterial stiffness, as assessed by pulse 
wave velocity.[38] In the present work, PAT was lower in the 
afternoon as compared to forenoon values (206.4 ± 3.04 ms 
vs 211.2 ± 2.94 ms, [Figure 5]), but no statistically significant 
difference was observed. When the values were normalised 
for an HR of 75, PAT-75 was significantly lower in the 
afternoon (207.6 ± 5.76 ms vs. 223.8 ± 5.43 ms [Figure 6]). 
This finding may be attributed to the effect of meal, as 
observed on HR and on PAT-75.

Gender differences in vascular parameters have been 
documented in previous studies, with female patients showing 
lower parasympathetic response in the Thai population.[39] 
However, we concede that we are unable to comment on this 
observation in view of our small sample size and the absence 
of hormonal profiles of the subjects. This may be an area of 
exploration in future work.

Among different surrogates of arterial stiffness, repeatability 
assessments have been done for a few parameters only. 
Beckmann et al. investigated the reproducibility of PPG-based 
PTT measurement in healthy subjects, but the sample size 
was very small (n = 5).[40] In another work, von Wowern et al. 
observed the ageing index to show the best repeatability 
among vascular stiffness parameters assessed from the PPG 

Figure 6: Comparison of pulse arrival time for HR 75 (PAT75) in 
healthy subjects. Visit to visit PAT75 recorded in healthy subjects 
over five visits. Data expressed as mean ± standard deviation. 
PAT75 of visit 2 was significantly lower when compared with visit 
1 (P = 0.007, repeated measures analysis of variance with post hoc 
Bonferroni test denoted by * in the figure). PAT75 for visits 3, 4 
and 5 were higher than visit 2, but no statistically significant 
difference was observed. _V represents the visit number.
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signal.[41] We could not find any report that has documented 
the repeatability assessment of PAT over a few days and 
extending to a long time frame of 1 month.

While PPG technology is omnipresent and holds great 
promise, it is imperative to check the test-retest reliability of 
this parameter. There are few, if any, studies that have assessed 
the short-term and long-term reliability of this parameter in 
health and disease. While PAT values were comparable across 
different visits [Figure  5], assessment of repeatability by 
ICC revealed only moderate repeatability. While there is no 
universally acceptable standard of delineating repeatability 
using ICC values, we chose guidelines mentioned in 
previous studies defining the parameter as moderate, good 
and excellent.[42] Our findings are important for future 
research, wherein PAT is planned to be used as a marker of 
arterial stiffness. This is because we observed only moderate 
visit-to-visit repeatability of this parameter in healthy adults. 
With the rapid pace taken by smartwatch technology, with 
PPG and ECG being easily measurable by them, we believe 
that PAT estimation by these consumer-grade devices is not 
very far. However, despite the technology being ubiquitous 
and the parameter being easy to measure and compute, 
more work is needed before bringing this parameter into the 
mainstream.

There are some limitations to our work. The study was done 
only in healthy adults without any co-existing cardiovascular 
disease. We believe that repeatability assessment needs to be 
undertaken in patients with existing vascular disease to explore 
the translational aspects of this index. Furthermore, the non-
availability of continuous beat-to-beat BP measurement 
equipment at our end precluded continuous measurement, 
which would have provided greater credibility to our BP 
estimation. Based on our relatively small sample size, it was 
not possible to draw any meaningful inferences about gender 
differences (n = 10 and 11 males and females, respectively), 
if any, on the temporal reliability of PAT. The same can be 
explored in larger cohorts.

CONCLUSION

Notwithstanding these limitations, we can conclude from the 
present work that while PAT holds promise as a non-invasive 
and user-friendly marker of vascular stiffness, long-term 
repeatability may be investigated in larger populations before 
implementing it as a reliable surrogate of vascular ageing.
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