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Abstract

The second derivative of the photoplethysmographic signal presents five relevant points
which provide information about the structural properties of arteries. This study investi-
gates the ratio between the amplitude of the d wave (end of systole) and the a wave (be-
ginning of systole) as a potential indicator of vascular aging. The research combines an in
vitro study on silicone models with different stiffness and an in vivo study on volunteers
aged between 26 to 63 years. The results showed a strong negative correlation between
the d/a ratio and arterial stiffness, confirming the potential of this parameter as a nonin-
vasive index for assessing vascular health status.

Keywords: photoplethysmography (PPG); optical sensors; PPG second derivative
(SDPPG/APG); vascular aging; arterial stiffness; cardiovascular monitoring; wearable de-
vices; signal processing

1. Introduction

Photoplethysmography (PPG) is a non-invasive optical technique that measures
blood volume changes in the microvascular bed [1]. At each cardiac cycle, the pressure
wave generated by the heart causes a transient increase in peripheral blood volume, fol-
lowed by an outflow during cardiac relaxation [2]. The resulting PPG signal (Figure 1a) is
a pulsatile wave characterized by a rapid systolic rise, i.e., a peak corresponding to the
maximum blood volume (systolic wave), and a descending phase with a small notch due
to aortic valve closure (dicrotic notch) [3], followed by a minor wave in diastole (dicrotic
wave). In summary, the PPG signal represents the arterial pulse in time and provides in-
direct information on blood pressure and perfusion [4].

PPG sensors consist of a LED and a photodetector; they are extremely compact and
have low costs [5], so they can be easily integrated into commercial devices such as smart-
watches and smartbands in order to detect physiological signals such as heart rate and
blood oxygenation [6]. Despite their advantages, PPG sensors have an unexplored poten-
tial, and particularly in recent years, there has been an increasing growth in the study and
research of these sensors in order to achieve non-invasive assessment of vascular health
status [7-9]. For example, recent works have focused on the estimation of arterial stiffness
by advanced PPG signal analysis [10].
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One of the most common techniques on the processing of these signals is the analysis
of the second derivative of the PPG signal (SDPPG), also called photoplethysmographic
acceleration (APG) [11,12]. This mathematical transformation (Figure 1b) highlights in-
flection points and rapid changes in the wave, allowing more precise detection of mor-
phological details that are often difficult to detect in the raw signal. APG provides infor-
mation on the structural and functional properties of both large caliber and peripheral
arteries and has been widely used for the assessment of vascular stiffness and aging [13].

The APG waveform typically has five characteristic deflections, conventionally la-
belled a, b, ¢, d and e [14]. Each of these corresponds to specific physiological phases of
the pulsatile cycle: the a wave is the first wave and represents a pronounced positive peak
due to the onset of systole; the b wave represents a slowing or deceleration of blood flow
immediately after the initial systolic peak; the c wave is the second positive wave physio-
logically attributed to the reflected back wave arriving from the periphery; wave d is the
second negative wave that marks the end of the active systole phase and coincides with
the dicrotic notch, i.e., at the abrupt drop in pressure caused by aortic valve closure; wave
e is a third positive wave that appears during the initial phase of diastole [15]. Numerous
indices of cardiovascular health are derived from combinations or ratios between these
amplitudes [16,17].

In the present work, the d/a relationship is investigated in two experimental settings:
an in-vitro study using PPG signals acquired on commercial silicone phantom models
with different stiffnesses, representative of healthy and pathological vascular conditions,
and an in-vivo study in which PPG signals acquired on volunteers of different ages are
considered. In both cases, the aim is to evaluate the correlation between the d/a parameter
and arterial stiffness, testing its potential as a non-invasive index of vascular health.
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Figure 1. (a) PPG waveform with fiducial points. (b) Corresponding APG waveform.

2. Materials and Methods

Photoplethysmographic signals were acquired using a single PPG sensor (DFRobot;
Beijing, China) operating at 520 nm, connected to an NI USB-6009 acquisition board (Na-
tional Instruments, Austin, TX, USA) with a sampling rate of 5000 Hz. Acquisition man-
agement was accomplished by a dedicated algorithm implemented in LabVIEW (v.2021,
National Instruments, Austin, TX, USA).

For the in-vitro study, two flexible silicone models with a length of 50 cm and an
inner radius of 8§ mm and characterized by Young's modulus of 2.7 MPa (Model 1) and 5.4
MPa (Model 2) were used, representing respectively a physiological vascular condition
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and a pathological condition with increased stiffness. The sensor was placed at the mid-
point of each model. To simulate the cardiovascular conditions, the two models were
placed in a flow duplicator, as described in previous studies [18,19], set to ensure a flow
rate of 5 litres/minute, a heart rate of 90 beats/minute, and an arterial pressure between 70
and 120 mmHg. Distilled water (density: 1000 kg/m?3; viscosity: 0.7 mPa-s) was used as the
fluid. For each model, five signals lasting three minutes each were acquired. For each ac-
quisition, the average d/a ratio was calculated over one-minute intervals, resulting in a
total of 15 samples per model, which were subsequently used for statistical comparison
between the two conditions.

For the in-vivo study, nine healthy volunteers (6 males and 3 females) aged 42.1 +
15.2 years with no known cardiovascular disease were recruited. For each participant,
three acquisitions lasting three minutes each were performed by placing the PPG sensor
on the index finger. For each acquisition, the mean d/a ratio was calculated over one-mi-
nute intervals. Since there was no direct measure of arterial stiffness for each individual,
the d/a ratio was related to the age of the participants, considering that increasing age is
generally associated with an increase in arterial stiffness [20].

Data processing was performed with MATLAB (v.2022b, The MathWorks Inc., Na-
tick, MA, USA). Initially, the raw signals were filtered using a fourth-order Butterworth
IIR bandpass filter with cutoff frequencies between 0.5 Hz and 5 Hz to remove low-fre-
quency artifacts and high-frequency noise. Next, the second derivative of the filtered PPG
signal was calculated. Automatic identification of the fiducial points a, b, ¢, d and e of the
second derivative was performed using MATLAB's findpeaks function, identifying local
maxima and minima within time windows consistent with the cardiac cycle. The d/a am-
plitude ratio was therefore calculated, which was used as an index of arterial stiffness for
both the in-vitro and the in-vivo study.

3. Results

Figure 2 shows the correlation between the d/a ratio and vascular stiffness in the in-
vitro study using two silicone phantom models. Model 1 (physiological) exhibited a mean
d/a value of 0.277 + 0.036, while Model 2 (pathological) showed a mean value of 0.183 +
0.036. Linear regression analysis yielded a correlation coefficient of R =-0.81, indicating a
strong negative correlation between vascular stiffness and the d/a ratio.

Figure 3 presents the correlation between age and the d/a ratio in the in-vivo study.
Participant ages ranged from 26 to 63 years, with corresponding d/a values ranging from
-0.120 to —0.410. Linear regression analysis revealed a correlation coefficient of R =-0.90,
confirming a strong negative correlation between age and the d/a ratio.
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Figure 2. Correlation between vascular stiffness and d/a ratio in the two silicone phantom models.
Blue dots represent samples acquired from the physiological case (Model 1); orange dots represent

samples acquired from the diseased case (Model 2).
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Figure 3. Correlation between age and d/a ratio in participants in the in-vivo study.

4. Discussion

The results obtained in both the in-vitro and in-vivo studies support the hypothesis
that the d/a ratio, derived from the second derivative of the PPG signal, can be used as an
indirect indicator of arterial stiffness. It is important to note that, in the absence of direct
measurements of arterial stiffness for each participant, age was used as a surrogate
marker, based on its well-established association with increased vascular rigidity [21].

In the in-vitro study, silicone phantom models with different mechanical properties
produced significantly different d/a values. Model 1 systematically showed higher d/a
values than the more rigid phantom, with a strong negative correlation (R = -0.81) be-
tween stiffness and d/a ratio. An important observation is that in the silicone models, the
values of d/a ratio are positive in both stiffness conditions. This behaviour can be at-
tributed to the simplified nature of the model, i.e., the absence of vascular tone, branching,
and energy dissipation, which causes the reflected wave to arrive at a phase of the cycle
where the second derivative remains positive. Furthermore, the use of distilled water as
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the working fluid, which has a lower viscosity than blood, reduces wave attenuation and
maintains the relative amplitude of d point. Consequently, although the increase in stiff-
ness leads to a reduction in the d/a ratio, the values remain positive in both experimental
conditions.

The in-vivo results showed a similar trend, with a strong and major negative corre-
lation (R = -0.90): younger participants had higher d/a values, while in older subjects the
ratio was progressively reduced. This is consistent with the age-related increase in arterial
stiffness, widely documented in the literature [22,23], which modifies the pulse wave
propagation velocity and reflection characteristics, thus altering the morphology of the
PPG signal and its derivatives. The results of the in-vivo study are also consistent with
those reported by Inoue et al. [24], who, analysing a population of women aged between
50 and 79 years, observed the same negative correlation between d/a ratio and stiffness,
with values very similar to those found in the present study. Similarly, Takazawa et al.
[25] reported the same trend in a study of 39 patients (mean age 54 + 11 years), confirming
the robustness of the association between a reduction in the d/a ratio and an increase in
arterial stiffness. However, it is important to recognize that several external factors can
influence the amplitude and morphology of the measured PPG signals, potentially affect-
ing the estimation of the d/a ratio. Previous studies have shown that signal quality is
highly dependent on sensor placement and contact pressure, as both insufficient and ex-
cessive preload can reduce pulse amplitude and distort systolic and diastolic peaks [26-
27]. In addition, skin tone, tissue composition, and the distance between the sensor and
the artery have been reported as relevant sources of variability [28]. In this regard, while
the present study was conducted under controlled in vitro and in vivo conditions, future
investigations should address these influencing factors to further strengthen the robust-
ness and applicability of the d/a ratio in more practical monitoring scenarios.

In conclusion, unlike previous studies that examined the d/a ratio exclusively in clin-
ical settings, this work adopts a dual experimental approach that integrates the acquisition
and validation of in-vitro and in-vivo tests. The use of silicone phantoms with known
stiffness allows for accurate assessment of the relationship between d/a ratio and vascular
stiffness, while in-vivo data confirm its relevance under physiological conditions. Com-
bined in-vitro and in-vivo data indicate that the d/a ratio is a promising index for non-
invasive assessment of vascular health, with potential applications in wearable monitor-
ing systems for early detection of arterial stiffness. Future studies should aim to validate
this index against standard measures of stiffness and explore its sensitivity in clinical pop-
ulations with cardiovascular risk factors.
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