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A B S T R A C T

Vascular reactivity is the capacity of the blood vessels to adapt under physiological and environmental stimuli.
Heat stress causes changes at vascular level affecting pulse wave velocity (PWV), which can be non-invasively
obtained using pulse photoplethysmography (PPG). The study aim is to characterize non-invasive and reliable
PPG-derived PWV surrogates that are able to assess vascular reactivity, using data from fifteen healthy male
volunteers under heat stress conditions. Pulse arrival time (PAT) is a recognized PWV surrogate measure, but
our study explores further by including pulse transit time difference (PTTD) and pulse wave decomposition
analysis (PDA). Our results indicate a significant linear decrease in PAT and PDA under heat stress, with an
approximate 15% reduction compared to the relax phase, closely correlating with heart rate (HR) alterations.
This correlation is likely influenced by factors such as the pre-ejection period or stroke volume changes. In
contrast, PTTD demonstrates a distinct pattern: it exhibits significant and rapid changes during the initial
exposure to heat stress, with an approximate 30% reduction, yet shows minimal intra-stage variations (around
0 ms/min compared to 2.5 ms/min in PAT). This suggests that PTTD, in measuring acute sympathetic activation
responses, effectively minimizes the impact of HR-related phenomena that significantly influence PAT and PDA
measurements. Our study highlights PTTD as an underexplored yet promising measure for accurately assessing
vasoconstriction and vascular reactivity.
1. Introduction

Pulse wave velocity (PWV) is a widely accepted biomarker of ar-
terial stiffness and predictor of cardiovascular morbidity and mortal-
ity [1]. PWV is defined as the speed of propagation of a blood pressure
(BP) wave, originated at each heartbeat, through the arterial tree [2].
Carotid-femoral PWV is considered as a marker of arterial stiffness and
endothelial dysfunction [3], and chronic-high PWV is associated with
increased risk of cardiovascular diseases such as hypertension, stroke,
and coronary heart disease [4].

PWV has been traditionally measured using invasive or cumbersome
systems such as catheterization [5,6], or tonometry [7,8]. Nowadays,
PWV measurements rely on electrocardiography (ECG) and peripheral
detection of the pulse pressure by means of photoplethysmography
(PPG) [9]. PPG is a non-invasive optical technique for detecting blood
volume changes in the tissues [10]. It has been widely used in wear-
able devices [11], for estimating pulse rate, blood oxygen saturation,
and BP [10]. For all these reasons, PPG has gained attention as a
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cost-effective and convenient monitoring system.
The most common non-invasive surrogate of PWV is the pulse

arrival time (PAT), which is the time interval between the R-wave
of the ECG and the pulse occurrence of the PPG at a peripheral
artery [12]. However, the utility of PAT as PWV marker is limited since
it includes the pre-ejection period (PEP) [13], also known as isovolu-
metric contraction, which is the time delay between the electrical heart
depolarization, R-wave, and the actual blood ejection from the heart.
The variability and regulation of PEP under different physiological con-
ditions is still under research [14,15], and additional equipment such
as a phonocardiogram, impedance cardiography, ballistocardiogram,
or non-contact sensors based on video/micro waves are necessary to
measure it [16]. This limitation, along with the challenge of accurately
assessing the arterial path length in surrogate PWV measurements due
to the arterial pathway’s individual variability and complexity, affects
the accuracy of PAT-based PWV measurements [17], and has lead to
the search for alternative PWV surrogates: one is the pulse transit time
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difference (PTTD) [18], which only requires two PPG sensors and is a
on-invasive surrogate of PWV not influenced by PEP [19], without the

need of phonocardiogram.
Hemodynamic parameters such as BP and changes in arterial tone

can be assessed by quantifying the time and amplitude relationship be-
tween the forward and the reflected waves, making this method another
suitable alternative to measure PWV [20,21]. In addition, methods that
ecompose the PPG wave morphology, namely pulse decomposition
nalysis (PDA), are capable of obtaining vascular biomarkers requiring
nly one PPG sensor on the fingertip [22]. However, the influence of

PEP on the biomarkers obtained with PDA is still unknown.
Heat is a common stressor that induces a complex physiological

esponse, including peripheral vasodilation and sweating, intended to
aintain the temperature of the core body [23,24]. Numerous stud-

ies have explored the role of autonomic nervous system regulation
during passive heat stress (without exercise), using protocols such as
immersion hydrotherapy, wet sauna, and dry sauna. Their findings
how a significant increase of heart rate (HR) and sympathetic activity
uring the sauna session when compared to baseline measurements
aken at ambient temperature, along with a decrease in total heart rate
ariability (HRV) [25–29].

Elevated body temperature induces cutaneous vasodilation, redi-
recting blood volume from internal organs to peripheral regions, in
rder to enhance heat dissipation via sweating [30]. In addition, as

response to the sympathetic nervous system (SNS) activation, there is
a generalized vasoconstriction of the great vessels to further increase
he blood volume pumped towards the skin, leading to an increase
f PWV [30]. Therefore, since PWV has been shown to be a reliable
ndicator of vascular reactivity, the use of novel PWV surrogates may
e a valuable tool for assessing the cardiovascular regulation of changes
nduced by heat stress, that cannot be measured using only ECG sensors
nd HRV indices.

In this study, we aim to characterize vascular reactivity in a heat
stress test database. We hypothesize that PWV and vascular reactiv-
ty are altered during heat stress, and that these alterations can be
etected using PPG-based methods. By non-invasively assessing these
arameters, we could gain insight into the effects of heat stress on car-
iovascular function and identify potential markers of cardiovascular
tatus. We also aim to provide some reference values for PTTD when
easured with different setups and during relax but also stress.

2. Materials and methods

We analyze PPG signals collected from healthy participants during
 heat stress test, to calculate PWV and vascular reactivity surro-
ates using established methods: the PWV obtained using PAT-based
easurements will be compared with those obtained using PTTD and
DA.

2.1. Heat stress data

The data comes from fifteen young (26 ± 2 years), healthy male
volunteers [29]. The original study aimed to determine whether the
exposure to total 36-hr sleep deprivation would suppress the autonomic
response to whole-body uncompensable passive heat stress in tradi-
tional Finnish sauna (air temperature of 80–90 ◦C, relative humidity of
30%). The biosignals were synchronously recorded at a sampling rate,
𝐹𝑠, of 1000 Hz, including the lead-II of the ECG and three PPG signals at
red wavelength, with transmission PPG from the middle finger of the
right hand (PPGF), reflection PPG from the forehead above the right
eyebrow (PPGH), and transmission PPG from the right earlobe (PPGE).
Thus, all PPG signals were recorded on the same side of the body. The
fifteen sauna sessions included in this study comes from the control
session, i.e., when the fifteen subjects had normal sleep (8 h of sleep),
before sauna session. All the sauna sessions were collected between
7:00 and 11:00 p.m.
 w

2 
Each sauna session consists of a heat stress protocol with four repet-
itive exposures to uncompensable heat in the sauna [27]. Before and
after 15-min stage of heat stress in the sauna at 80–90 ◦C, namely stress
tages, participants were instructed to rest in a semi-Fowler’s position in
 room at ambient temperature (25 ◦C) for around 20-min, namely rest
tages. The heat stress protocol lasted around 2 h and 20 min. The sig-
als were acquired with the physiological recording system Nautilus1
Biomedical Engineering Institute of Kaunas University of Technology,
ithuania). All the procedures were approved by the Human Research
thics Committee and they were conducted according to the guidelines
f the Declaration of Helsinki. The volunteers signed the informed
onsent, and self-reported good health, which was confirmed by their
edical history and physical examinations. Further details have been
reviously published in [27,29].

2.2. ECG and PPG delineation

The R-wave is detected for each heartbeat by means of a wavelet-
based method [31]. The time instants of each R-wave are denoted
as 𝑛R and expressed in samples. The time between two successive
R-waves defines the RR interval. The inverse of the RR intervals is
sed to calculate the HR, in beats per minute (bpm). Ectopic beats

and miss-detections are corrected as described in [32]. The exclusion
of non-normal RR intervals, results in the normal-to-normal interval
series, from which the HR is derived.

PPG signals are band-pass filtered between 0.3 and 15 Hz with a
4-th order Chebyshev type II filter, in order to eliminate the baseline
contamination and high frequency noise [33]. Forward-backward zero-
phase filtering is applied for preserving signal morphology. Following
PG filtering, motion artifacts are removed before PPG delineation

using a energy-based method described in [34]. PPG pulses are detected
by an algorithm that determines the maximum up-slope instant of each
PPG pulse based on a low pass differentiator filter and a time-varying
threshold [35]. The instant in time when the pulse is at basal level, 𝑛B,
is delineated for each PPG detected pulse (see Fig. 1(a)) and denoted as
𝑛XB where X ∈ {F, H, E} for finger, forehead and earlobe, respectively.
PG pulses detected as ectopic beats are also eliminated from the 𝑛B

series, as described in [32].

2.3. HR estimation

Given a particular beat time occurrence, the instantaneous HR time
series are estimated as:

𝑑𝑢HR(𝑛) =
∑

𝑖

60 ⋅ 𝐹𝑠
𝑛R𝑖

− 𝑛R𝑖−1

⋅ 𝛿(𝑛 − 𝑛R𝑖
), (1)

where ‘‘𝑖’’ represents the index for each heartbeat, 𝛿(⋅) denotes the
Kronecker delta function and the superscript ‘‘𝑢’’ denotes that the
ignals are unevenly sampled, since heartbeats occur unevenly in time.
nits are beats per minute (bpm).

2.4. Pulse wave velocity surrogates

In this section, we explain the three different methodologies we used
o obtain PWV surrogates.

First, PAT measures the time a BP wave takes to travel from the
eart to peripheral arteries (see Fig. 1(a)), generating the 𝑑𝑢PAT(𝑛)
eries, which can be particularize at finger (𝑑𝑢PATF

(𝑛) series), forehead
𝑑𝑢PATH

(𝑛)), and earlobe (𝑑𝑢PATE
(𝑛)) [36]:

𝑑𝑢PAT(𝑛) =
1000
𝐹𝑠

∑

𝑖
[𝑛B𝑖

− 𝑛R𝑖
] ⋅ 𝛿(𝑛 − 𝑛R𝑖

), (2)

expressed in [ms].
Second, PTTD is the time difference between arrival times from

wo PPG pulses occurrence at two different sites of the arterial tree
see Fig. 1(a)). With three PPG signals at finger, forehead and earlobe,
e can thus calculate three PTTD signals denoted [19]: 𝑑𝑢 (𝑛),
PTTDEF
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Fig. 1. Illustration of PAT, PTTD, and PDA definitions. (a) The ECG, earlobe (PPGE), forehead (PPGH), and finger (PPGF) PPG signals with the corresponding definitions of PATE
(earlobe), PATH (head), PATF (finger), and PTTDEH (earlobe-head), PTTDEF (earlobe-finger), PTTDHF (head-finger). Pulse Transit Time (PTT) refers to the time interval from the
end of the Pre-Ejection Period (PEP) following a heartbeat to the arrival of the pulse wave at a peripheral site. The PEP interval shown is merely illustrative. (b) The characteristics
of a PPG pulse waveform at the fingertip with PDA are shown. The PPG waveform is depicted in green, while the first, second, and third waves are indicated by red, blue, and
magenta colors, respectively. The image emphasizes the morphological features based on the width (W1) and the time interval (T12) for the first and second inner waves.
𝑑𝑢PTTDHF
(𝑛) and 𝑑𝑢PTTDEH

(𝑛), as follows:

𝑑𝑢PTTDEF
(𝑛) = 1000

𝐹𝑠

∑

𝑖
[𝑛FB𝑖

− 𝑛EB𝑖
] ⋅ 𝛿(𝑛 − 𝑛FB𝑖

)

𝑑𝑢PTTDHF
(𝑛) = 1000

𝐹𝑠

∑

𝑖
[𝑛FB𝑖

− 𝑛HB𝑖
] ⋅ 𝛿(𝑛 − 𝑛FB𝑖

) (3)

𝑑𝑢PTTDEH
(𝑛) = 1000

𝐹𝑠

∑

𝑖
[𝑛HB𝑖

− 𝑛EB𝑖
] ⋅ 𝛿(𝑛 − 𝑛HB𝑖

),

also expressed in [ms].
Note that, in order to have mostly positive time interval series, the

time reference for each PTTD series is defined at finger for 𝑑𝑢PTTDEF
(𝑛)

and 𝑑𝑢PTTDHF
(𝑛), and at forehead for 𝑑𝑢PTTDEH

(𝑛).
Third, PDA is a signal processing technique to derive morphology in-

dices from the PPG waveform [22]. Finger PPG pulses are decomposed
into three wave components, a main wave and two reflected waves
(see Fig. 1(b)). From this analysis, we can derive the pulse waveform
characteristics surrogates () including main wave pulse width (W1)
and relative time delay between the main wave and the first reflected
wave (T12), which is used to derive the stiffness index [16,37].

These are proposed in the present context as PWV surrogates,  ∈
{𝑊1, 𝑇12}, measured in [ms]:

𝑑𝑢 (𝑛) =
∑

𝑖
𝑖 ⋅ 𝛿(𝑛 − 𝑛FB𝑖

),  ∈ {𝑊1, 𝑇12}. (4)

Finally, PWV estimated values out-of-physiological range are ex-
cluded from further analysis. For this, an empirical range is set for valid
values of PAT, PTTD and PDA:

• 𝑑𝑢PAT(𝑛) values out of the [50, 600] ms range.
• 𝑑𝑢PTTD(𝑛) values out of the [−50, 175] ms range.
• From PDA, the features of a pulse are rejected if either [22]: (a)

the pulse is decomposed in less than 3 waves; (b) the amplitude
of the main wave is not the largest of the three waves; (c) the
second wave is located at the end of the pulse interval; (d) the
third wave occurs before 35% from pulse onset.

The physiological ranges were determined empirically following an
exploratory analysis. These ranges correspond to values below the 1st
percentile and above the 99th percentile of all PAT and PTTD intervals
obtained in the dataset under study. Afterwards, a median-absolute-
deviation outlier rejection rule is applied, to complement suppression
of spurious values from all the derived PWV surrogate series [38]: the
threshold is defined as 5 times the running median-absolute-deviation
of the previous 50 pulses.
3 
2.5. Statistical analysis

A two-minute moving window approach with 50% overlap was used
to calculate mean and standard deviation series for each stage of the
heat stress protocol. To minimize transient effects, the first and last
three minutes of each stage were excluded. Linear regression was then
applied to the minute-by-minute mean values for each stage to capture
the temporal evolution of the parameters, as shown for a representative
participant in Fig. 2.

Three key features were extracted for each participant and stage:
the initial value, the end-of-stage value, and the slope from the linear
regression. These features were then averaged separately for the re-
laxation and heat stress stages for each participant. The distributions
of these three averaged features across all 15 participants for each
biomarker (HR, PAT, PTTD, and PDA) are shown as boxplots in Fig. 3.

To compare values between relaxation and heat stress, a Wilcoxon
signed-rank test was performed, chosen for its suitability for paired data
analysis. Statistically significant differences are marked in Fig. 3 with
asterisks (‘+’, p < 0.05; ‘*’, p < 0.01; ‘**’, p < 0.001).

Finally, we explored the correlation between the various PWV
biomarkers and HR across the different stages. To this end, we first
calculated the average HR and PWV values for each patient for the
relax stages (1, 3, 5, 7, 9) and stress stages (2, 4, 6, 8) separately. This
step was crucial to ensure that the subsequent bootstrap analysis would
be based on representative mean values rather than individual stage
measurements, which could be subject to transitory fluctuations.

We then employed a bootstrap resampling technique, with 1000
iterations for each PWV biomarker, to estimate the 95% confidence
intervals for the mean correlation coefficients of PWV with HR. In each
bootstrap iteration, participants’ correlation values were resampled
with replacement, and the correlation between the averaged HR and
PWV values was calculated for both relax and stress conditions. The
bootstrap process thus generated a distribution of mean correlation
coefficients, from which we extracted the 2.5th, 50th (median), and
97.5th percentiles, thereby constructing the 95% confidence intervals
for the average correlations in both relax and stress states (see Fig. 4).

3. Results

3.1. PWV analysis

Fig. 2 presents the evolution of HR, PAT, PTTD and PDA, the latter
measured using PPG , for one representative volunteer during the heat
F
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Fig. 2. HR, PAT, PTTD and PDA evolution for one illustrative volunteer. The black dotted lines represent the first order regression obtained for each metric and stage. Data
ollected during heat stress exposure within the sauna are represented in red, whereas measurements taken during the basal and recovery phases at normal ambient temperature
utside the sauna are indicated in blue. Units: HR: [bpm]; others: [ms].
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stress protocol. We can observe that during heat stress, PAT exhibits a
ighly pronounced linear decrease, parallel to the linear increase trend
bserved in HR. In contrast, during the relax/recovery stages, the PAT

values remain relatively stable, with flat slope. The standard deviation
of PAT in each 2-minute window does not show a generalized apparent
variability.

Regarding PDA evolution, the patterns observed in the first inner
wave width (W1) and the time interval between the first and second
nner waves of PPGF (T12) have trends similar to PAT. During heat
tress, vasoconstriction leads to shorter arrival times, hence higher
elocities, resulting in reduced W1 and T12, as expected by physiology.

The distribution of the slope between stages, the initial value, and
he end of stage values averaged by stress typology, i.e., in relax vs.

stress stages, have been calculated and displayed in boxplots in Fig. 3.
The arrival times of the pulse wave differ among the PPG measurement
sites, with the fingertip PAT presenting the longest absolute values,
ollowed by the forehead and finally the earlobe; with median values
or all volunteers around 205 ms, 155 ms, and 135 ms, respectively,

in relax compared to 174 ms, 136 ms, and 123 ms during heat stress
(absolute reduction around 15% under stress, see Fig. 3(b)). On av-
rage, PTTD values are also longer during the relax stages compared
o the stress stages, as expected. The end-of-stage median values for
TTD in relax compared to stress (Fig. 3(b)) are: 47 ms vs. 36 ms,
 s

4 
respectively, for PTTDHF; 65 ms vs. 48 ms for PTTDEF; and 20 ms vs.
3 ms for PTTDEH (an absolute reduction around 30% under stress).
s shown in Fig. 3(a), the PTTD values did not change during the
orresponding stages, having changes close to 0ms/min, whereas PAT

presents a linear decrease ≈ 2.5 ms/min, while stress remains. For
hose interested in a more detailed examination of the data, we have
rovided the boxplots of PAT, PTTD, and PDA across all stages of the
rotocol in Supplementary Fig. S1, offering a comprehensive view of
he variations and trends observed in these parameters throughout all
tages of the study. A notable observation in Fig. S1 is that as the
rotocol progresses, the end-of-stage PWV values in the stress stages
radually decrease, indicating a memory effect (that can be seen for a
epresentative participant in Fig. 2).

3.2. Heart rate correlation with PWV surrogates

Fig. 4 displays the 95% confidence intervals for the average correla-
tion coefficient (𝜌) between the evolution of HR and PWV biomarkers
averaged across the two types of stages: relaxation and stress. A no-
table correlation is observed between HR and the PWV estimates from
AT𝐹 , PAT𝐻 , PAT𝐸 , W1, and T12 during stress stages, with coefficients
ignificantly deviating from zero and approaching -1, indicating a
trong inverse relationship under stress. Conversely, PWV estimates
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Fig. 3. Distribution of HR and PWV biomarkers for the 15 subjects, averaged by typology of stress: relax [blue] vs heat stress [red]. (a) represents the average of the first value in
the stage, (b) the average end-of-stage PWV values, and (c) the intra-stage change (represented as the slope of a first-order fit). Statistically significant differences comparing relax
vs stress values are displayed with asterisks (‘+ ’, 𝑝 < 0.05; ‘*’, 𝑝 < 0.01; ‘**’, 𝑝 < 0.001). Units: (a) and (b): HR in [bpm], others in [ms]; (c) HR in [bpm/min], others in [ms/min].
a
a

i

from PTTD exhibit no significant correlation with HR during either
elaxation or stress stages, suggesting a lack of association in these
easures.

4. Discussion

The study involved 15 healthy volunteers, and the analysis fo-
used on assessing PWV from PPG at different anatomical locations

using PAT, PTTD, and PDA. These surrogate measures offer valuable
insights into the relative changes in vasoconstriction, i.e., vascular
reactivity. However, it is important to consider the methodological and
physiological differences among these metrics, as they can affect the
interpretation and usability in various scenarios.

4.1. PWV for vascular reactivity assessment

PWV is a crucial indicator of arterial stiffness and overall vascular
health. Our study findings, as highlighted in the boxplots of Fig. 3,
demonstrate that all three PPG-based methods—PAT, PTTD, and PDA—
effectively detect changes in PWV and vascular reactivity during heat
stress. These methods reveal significant differences in PWV values
between relax and stress stages, underscoring their efficacy in capturing
vascular dynamics.
5 
Specifically, we observed that the intrastage slope for PAT and PDA,
s a measure of vascular reactivity, is highly negative during heat stress,
s evidenced in Fig. 3. This pattern suggests a progressive increase

in PWV under these conditions. However, PTTD presents a different
response: even as HR undergoes abrupt changes during heat stress
stages, the slope of PTTD estimates remains much smaller, especially
in PTTDEH, while the average level of PTTD does change. This finding
mplies that PTTD is sensitive to vasoconstriction changes but less so

to progressively increasing changes, which could be partially attributed
to PEP [14,15]. This is likely because PTTD omits the influence of HR
and PEP variations by its definition, focusing instead on acute vascular
changes.

The distinct behavior of PTTD is further illustrated in Fig. 2, which
depicts the evolution of these parameters in one representative volun-
teer. The three PTTDs show a significant and immediate change at the
onset of stress exposure, followed by a period of stable values. This
immediate response and subsequent stability contrast markedly with
the delayed adaptations seen in other biomarkers like HR, PAT, and
PDA, which only become evident after a prolonged duration of stress.

This PTTD’s unique response highlights its sensitivity and consis-
tency in reflecting swift physiological changes triggered by stress. The
key difference lies in the initial values of PTTD at the beginning of stress
exposure, which are significant. However, unlike the changes observed
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Fig. 4. Median and 95% confidence intervals for the average correlation, 𝜌, between HR and the PWV biomarkers of all participants, for Relax and Stress Stages.
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in PAT and PDA biomarkers, the alteration in PTTD values during the
stress stage itself is not statistically significant, indicating its potential
s a stable and sensitive marker of rapid vascular changes.

As found by [14], PEP is a cardiovascular parameter linearly corre-
lated with HR, but the relationship is weaker or stronger under differing
circumstances (rest: 𝜌2 = 0.06, physical stress: 𝜌2 = 0.65). This remarks
that during stress, PAT provides information about vasoconstriction,
but PAT will also exhibit a high component of PEP, since the definition
of PAT includes this period. Regarding the correlation obtained in
this study of each PWV metric with HR (Fig. 4), results suggest that
he influence of HR is consistently and highly affecting PAT and PDA
pecially during heat stress. 𝜌 values of all PAT and PDA estimates

are very close to (−1), exhibiting the strong inverse proportionality
between HR and these PWV estimates under stress. On the contrary,
PTTD has no significant correlation with HR, supporting the hypothesis
that the progressive increasing changes observed in PAT and PDA are
mainly due to HR variations, mediated through PEP, the ejected systolic
volume, also known as stroke volume, and the other cardiac output
(CO) modulators.

PTTD exhibits a similar behavior to HR and PAT during the relax
tages. However, during the heat stress stages, unlike PAT, we did not

observe the same pronounced trend following the one for HR, which
is a novel and interesting finding. Of note, the standard deviation of
PTTD is larger than for PAT, as a result of lower precision and/or lower
dynamic range.

Therefore, based on these results, PTTD seems to have a superior
erformance for the evaluation of vasoconstriction reactivity, since PAT
nd PDA surrogates include additional SNS modulation variables other
han vasoconstriction. However, it is important to mention that the
tandard deviation of PTTD is greater than the one of PAT or PDA
easures, which may be indicating a lower signal-to-noise ratio, likely

due to the resolution (dependent on the sampling frequency of PPG),
nd lower dynamic range of PTTD. Besides, PTTD measurements from
he fingertip to head (HF) or earlobe (EF) show greater variability than
arlobe to head (EH), indicative of the pulse wave’s longer travel time.

Shorter PTTD travel distances, such as in EH, result in a narrower dy-
namic range, suggesting that PTTD measurements over longer distances
(HF or EF) are more effective for evaluating vascular dynamics and
reactivity.

We also performed a complete analysis encompassing frequency
domain indices of PAT, PTTD, and PDA, although the details are beyond
the scope of the present study. However, it should be highlighted that
the significant number of periods where PTTD could not be determined
esults in a substantial amount of temporal gaps. This limitation arises
 i
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from the small dynamic range, and the requirements for high sampling
rates and high quality of the original PPG signals, which makes fre-
quency analysis of PTTD not feasible. Consequently, future research
into PTTD should prioritize studying the evolution of average PTTD
absolute values over specific time intervals, such as 2-minute periods,
instead of frequency domain analysis.

Our findings are consistent with previous studies that have used
PWV measures to assess changes in vascular reactivity during various
stressors. For example, several studies have demonstrated that PWV
is a sensitive indicator of changes in cardiovascular function under
stress [39,40]. Considering the methodological differences, PAT values
obtained in this work are equivalent to values previously reported [37].
Our study extends these findings by characterizing PWV estimates for
monitoring changes in vascular reactivity during heat stress, taking into
account the effect of PEP.

4.2. Physiological implications and applications

The ability to monitor changes in vascular reactivity, particularly
nder heat stress, has crucial physiological implications. SNS activity
nfluences BP and HR, essential for thermoregulation during heat ex-

posure [41]. During heat stress, SNS-mediated modulation of the sinus
ode results in elevated HR and CO.

Arterioles, with their high smooth muscle concentration [42], are
entral in PWV regulation, differing from larger vessels in their impact
n vascular resistance and compliance. While veins primarily support
enous return, especially from lower extremities, arterioles are key in
odulating vascular dynamics.

SNS activity induces arteriole vasoconstriction leading to increased
reload, since constriction of the veins improves venous return, and
ncreased afterload, as the constriction of the arteries and arterioles
ncreases total peripheral resistance. Concurrently, it enhances my-
cardial contractility, impacting stroke volume and further elevating
P [43]. Sauna bathing showcases these physiological dynamics. It

increases skin blood flow, significantly contributing to CO, while inter-
nal organ blood flow decreases [44]. Contrary to assumptions, BP and
HR increase during sauna sessions, leading to heightened myocardial
oxygen consumption [29,41]. PWV is influenced by these mechanisms,
altering PAT, PTTD, and PDA estimates in different ways. For example,

yocardial contractility and vasoconstriction decrease W1 and T12,
hile an increase on HR will exhibit a strong linear correlation to an

increase on PWV, as in [14].
Vasoconstriction, in response to SNS activation, is a rapid physiolog-

cal process. Upon exposure to a stimulus, the SNS triggers the release
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of norepinephrine, initiating vasoconstriction. This response can start
within 1–2 s, with significant constriction typically occurring within
5–10 s [45,46]. Vasoconstriction responses are immediate, while BP
increases require more time due to complex systemic activation to
augment CO. PTTD values change more gradually during stress stages,
reflecting SNS modulation, while PAT and PDA estimates rise in tandem
with HR during heat stress. These novel findings may suggest that the
sensitivity of PTTD to vasoconstriction has an immediate and consistent
response upon stress exposure, a pattern that is not observed in HR,
PAT, and PDA measurements. Based on the physiology, we propose
that PTTD may predominantly reflect changes in arterial stiffness and
BP linked to vasoconstriction, thus differentiating these specific effects
from other physiological influences.

Then, our findings suggest PTTD’s unique response to vasoconstric-
ion, with immediate and consistent values during stress stages, unlike
R, PAT, and PDA. PTTD primarily reflects changes in arterial stiffness
nd BP associated with vasoconstriction, differentiating it from other
hysiological influences. Unaffected by CO and PEP changes, PTTD
orrelates well with carotid-femoral PWV, requiring only two PPG
ensors [47,48].

4.3. Limitations and future work

This study has two main limitations. The first limitation is the
lack of PEP measurements, to compare our PWV estimates with the
actual PEP. Although previous studies analyzed the interrelationship
between HR and PEP, the absence of this data in these recordings
limits the interpretation and capability to draw definitive conclusions.
uture studies could benefit from including it to further validate the

relationship between PEP and PWV, with respect to variations in HR,
too. Furthermore, the incorporation of CO measurements could yield
valuable information. One possible approach to address the influence
f HR on PEP, PAT, and PDA measures is to compute HR-corrected

PWV estimates, as demonstrated in [49]. Therefore, considering the
influence of HR on PWV estimation could provide a more accurate
eflection of vascular reactivity, unaffected by PEP.

Secondly, it is important to recognize that due to the study design,
the available data are limited to male participants. Therefore, there
is a need to extend the recordings to include data from the female
population. This would provide valuable insights into potential gender
differences and enhance the generalization of the findings.

In this study, it is essential to clarify that the term ‘PWV’ refers to
easurements derived from transit times rather than directly measured

velocities. Traditional PWV calculations typically require the distance
the pulse wave travels, necessitating measurements of vessel length
or, by approximation, arm length or participant height. However, for

ithin-subject comparisons where vessel length is constant, transit
imes can serve as a surrogate for velocity changes, as demonstrated in
ur results. In contrast, population-based analyses should include nor-
alization against height or arm length to account for inter-individual

ariability and prevent potential confounding.

5. Conclusions

The study provides valuable information on PWV and its surrogate
measures during heat stress. PWV measures offer a reliable and non-
invasive approach for assessing cardiovascular function. The distinct
patterns observed in PAT, PTTD, and PDA, along with their relation-
ships with HR, contribute to a superior understanding of vascular
reactivity.

The study underscores the importance of considering the impact
f concurrent physiological conditions on PWV biomarkers. Our find-
ngs demonstrate differences in the evolution between relax and stress

stages, possibly due to the activation of additional physiological mech-
anisms through the SNS response to stress, which potentially do not

affect PWV measurements during relax conditions.
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While PAT is a recognized PWV surrogate measure, and it has
een extensively studied for many applications such as assessing arte-
ial stiffness, evaluating endothelial dysfunction, and estimating blood
ressure, rather less attention has been given to PTTD and PDA. Our
tudy highlights that PTTD, requiring only two PPG sensors, offers a
uperior description of vasoconstriction by suppressing, among others,
he isovolumetric contraction period, which is significantly variable

and HR dependent under stress conditions. The trade-offs of using PTTD
involve its lower dynamic range and the need for two PPG sensors at
ifferent body locations.
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