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Photoplethysmographic Waveform and Pulse Rate

Variability Analysis in Hyperbaric Environments
Marı́a Dolores Peláez-Coca, Alberto Hernando, Marı́a Teresa Lozano, Carlos Sánchez, David Izquierdo, Eduardo

Gil.

Abstract—The main aim of this work is to identify alterations
in the morphology of the pulse photoplethysmogram (PPG)
signal, due to the exposure of the subjects to a hyperbaric
environment. Additionally, their Pulse Rate Variability (PRV) is
analysed to characterise the response of their Autonomic Nervous
System (ANS). To do that, 28 volunteers are introduced into
a hyperbaric chamber and five sequential stages with different
atmospheric pressures (1 atm; descent to 3 and 5 atm; ascent to 3
and 1 atm) are performed. In this work, nineteen morphological
parameters of the PPG signal are analysed: the amplitude of
the PPG pulse; eight parameters related to pulse width; eight
parameters related to pulse area; and the two slopes of the
PPG pulse. Also, classical time and frequency parameters of
PRV are computed. The relative change of all the parameters
was calculated with respect to the initial baseline state at
1 atm. Notable widening of the pulses width is observed in
the four stages analysed, together with a decrease in the PPG
amplitude at the last ascent stages. The PPG area increases with
pressure, with no significant changes when the initial pressure is
recovered. These changes in PPG waveform may be caused by
an increase in the systemic vascular resistance as a consequence
of vasoconstriction. This phenomenon suggests a sympathetic
activation, causing a vasoconstriction in the skin circulation,
especially in the extremities. However, the PRV results show
an augmented parasympathetic activity and a reduction in the
parameters that characterise the sympathetic response. So, only
a sympathetic activation is detected in the peripheral region, as
reflected by PPG morphology.

The information regarding the ANS and the cardiovascular
response that can be extracted from the PPG signal, as well as
its compatibility with wet conditions make this signal the most
suitable for studying the physiological response in hyperbaric
environments, including scuba diving activities.

Index Terms—Photoplethysmographic Waveform, Pulse Rate
Variability, Pulse Width, Hyperbaric Environments, Autonomic
Nervous System.

I. INTRODUCTION

An immersion in a hyperbaric environment represents a

considerable physiological challenge, since our body has to

adapt to the conditions of this environment to maintain home-

ostasis. [1]. The ability of physiological systems to respond to

the challenge of immersion highly depends on heart rate and

blood pressure control systems. Particularly, the Autonomic

Nervous System (ANS) exhibits a fast response to blood
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M.D. Peláez, A. Hernando, M. Lozano, C. Sánchez and E. Gil are with
BSICoS group, Aragón Institute of Engineering Research (I3A), IIS Aragón,
University of Zaragoza, Zaragoza, Spain and E. Gil is with Centro de
Investigación Biomédica en Red Bioingenierı́a, Biomateriales y Nanomedicina
(CIBER-BBN), Madrid, Spain.

D. Izquierdo is with Photonic Technologies Group (GTF), Aragon Institute
of Engineering Research (I3A), Universidad de Zaragoza, Zaragoza, Spain.

pressure changes motivated by immersion [2]. The analysis of

Heart Rate Variability (HRV) is the non-invasive measurement

most commonly used to evaluate both the activity of the ANS

and the balance between its two branches: sympathetic and

parasympathetic. The classical analysis of the HRV [3] consid-

ers the power in the low-frequency band (LF, 0.04 - 0.15 Hz)

as a measurement of both sympathetic and parasympathetic

systems, whereas the power in the high-frequency band (HF,

0.15 - 0.4 Hz) is considered a measurement of parasympathetic

activity alone. The ratio between LF and HF (RLF/HF) is used to

estimate the balance between the two branches. The response

of the ANS has been analysed in multiple works simulat-

ing conditions of high atmospheric pressures in hyperbaric

chambers, without the need of actually immersing people in

water [4], [5], [6]. Their results point to an increase in the

power related to the HF band, associated with an increase in

the parasympathetic activity [4], [5], [6]. Another conclusion

of the studies in hyperbaric environments is the reduction of

the heart rate [4], [5], although in one of them this trend was

not observed [6]. Bradycardia in hyperbaric environment has

several causes, but it seems that the increase in the partial

pressure of oxygen is the main cause [7], [8]. Furthermore,

in normal tissues, the primary action of oxygen is to cause

general vasoconstriction (especially in the kidneys, skeletal

muscle, brain and skin) [9]. After removal from the hyperbaric

oxygen environment, the tissue oxygen tension may remain

elevated for a variable period, which can vary from minutes

to a few hours, depending on tissue perfusion [10], [11]. An

examination of the cardiovascular and nervous systems, before

and after exposure to 4 atm in a hyperbaric chamber, showed

a decrease in heart rate, an increase in mean and diastole

blood pressure, and an increase in total peripheral resistance

and in parasympathetic heart nerves activity. This suggests an

increase in heart afterload with a decrease in heart activity

within almost one hour after hyperbaric exposure [12].

An alternative way of measuring the activity of the ANS

is the Pulse Rate Variability signal (PRV), extracted from

the photopletysmographic signal (PPG) [13]. Some studies,

performed at a pressure of 1 atm, concluded that HRV and

PRV contained the same information of the ANS activity [14],

[15], [16]. The results of our previous study conducted with

subjects in a hyperbaric environment verified that this re-

lationship was maintained in pressures up to 5 atm [2]. It

was also shown that time-derived parameters of HRV/PRV

indicated a reduction in heart rate correlated with time spent in

a hyperbaric environment, even after a decrease in pressure [2].

On the other hand, regarding frequency parameters, HF power

was positively correlated with changes in pressure, while
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the sympathetic markers showed a decrease (PLFn, normalized

power in the LF band, and RLF/HF) [2].

The PPG signal reflects the movement of the blood in

the blood vessels, which is mainly affected by heartbeating,

as well as by hemodynamics and changes in the arteriole

properties. These effects cause distortions in the pulse wave-

form that have been related to physiological changes in the

subjects. A reduction in the pulse amplitude may be directly

attributable to a loss of central arterial pressure or to the

arteriolar constriction that perfuse the skin, which is related

to an activation of the sympathetic system of the subject [17].

Other studies suggest that the PPG width correlates better with

the systemic vascular resistance than the PPG amplitude [18].

Another interesting parameter is the pulse area, dividing it into

two sub-areas separated by the dicrotic point (inflection point

on the pulse downward slope). The ratio between both sub-

areas is a parameter related to total peripheral resistance [19].

A wide variety of morphological features of the PPG signal

can be found in the literature, in non-hyperbaric environments.

The width and amplitude of the PPG pulses have shown greater

sensitivity for the identification of a low activation of the

sympathetic system, due to mental stress states, than the classic

frequency parameters of HRV and PRV (PLFn and RLF/HF) [20].

In the study by Li et al. [21], twenty-one features related to

the morphology of the PPG signal allowed the non-invasive

detection of physical stress states. Also, changes in the PPG

amplitude have been associated with changes in the barorreflex

response due to postural changes [22] or with hypovolemia

episodes [23].

The exposure of subjects to a hyperbaric environment

causes a physiological response (blood distribution changes,

augmented cardiac output, low heart rate, HF band alterations,

etc.) [2]. These subjects also experience a higher density

of breathing gases, changes in blood distribution, increased

cardiac output, augmented resistance to movement, alterations

in temperature, etc., which have an impact on the PPG

morphology. In our previous work, the effects of a hyperbaric

environment on the amplitude, width and slope of the PPG

pulse were studied [24]. The results showed only a significant

increase in pulse width with increasing pressure. However,

the method used to estimate these parameters generates an

overestimate of the width and an underestimation of the slope

of the PPG pulse. In this work this overestimation problem is

corrected and a greater diversity of morphological parameters

have been extracted. In addition, PPG shows three important

advantages for its use in hyperbaric environments. The first

one is the low price of the PPG recording device, which is

also fully compatible with wet environments, such as diving

activities. The second one is that this device is commonly used

in clinical practice and can be placed in different parts of the

body. The last one is that the PPG signal allows measuring

blood oxygen saturation. For all these reasons, an analysis of

the PRV and the PPG waveform is proposed in this paper, with

the aim of identifying features that show significant changes in

the ANS response of subjects exposed to variable hyperbaric

environments.

II. MATERIALS

A total of 28 subjects (25 males and 3 females), with a

mean age of 28.5 ± 6.2 years were recorded in the study.

All subjects were recorded inside a hyperbaric chamber of the

Hospital General de la Defensa en Zaragoza, after receiving

the approval of the Comité de ética de la investigación con

medicamentos de la inspección general de sanidad de la De-

fensa (Ethics Committee of Research with Medicines, attached

to the Surgeon General of the Undersecretary of Defense),

and the participant information sheet and informed consent

were signed. The protocol inside the hyperbaric chamber had

a duration of about two hours. Five different stages involving

5 min stops at 1 atm (1D, sea level), 3 atm (3D, simulating

20 metres depth) and 5 atm (5, simulating 40 meters depth),

and subsequently returning to 3 atm (3A) and 1 atm (1A)

were performed, defining the stages of the study. The letter

D or A refers to descent or ascent stage, respectively. Most

of the time was spent in the decompression stops between

3 atm and 1 atm, as recommended in standard decompression

tables. Subjects stayed relaxed and sitting comfortably, and

the chamber was correctly ventilated throughout the protocol

in an attempt to avoid major changes in temperature and

humidity. Subjects remained in silence and without performing

movements during control stops. Several measures to reduce

the stress that the test might induce were previously taken: the

subjects are expert divers, they perform a relaxation exercise

before the test, a test to measure trait and state anxiety is

also performed (STAI test) whose results showed no anxiety

in any subject, etc. More details of the database are given in

our previous study [2]. In this study, only the last four minutes

of each stage were used in order to avoid measuring transient

effects, due to the adaptation of the subject to the change in

atmospheric pressure.

The recordings were done using the Nautilus device devel-

oped by the University of Kaunas, Lithuania [25]. This device

allows recording the PPG signal at a sampling frequency (fs)

of 1000 Hz in a finger by a transmissive sensor using a

650 nm (red) wavelength, the ECG signal with three leads

(fs = 2000 Hz), ambient temperature (accuracy ±0.1 ◦C,

fs = 50 Hz), and pressure (fs = 250 Hz). The PPG sensor

is located in the middle finger of the non-dominant hand.

Prior to stage 1D, the subjects remain between 20 to 30

minutes in a room connected to the hyperbaric chamber, to

acclimatize to the temperature of that room and to reduce the

stress impact for the experiment. There, the subjects complete

and sign the informed consent and the Nautilus is placed

on them. The median and interquartile range values of the

hyperbaric chamber temperature at each stage are shown in

Table I. The Nautilus also allows including marks in all

signals, synchronously. These marks were used to segment

the signal intervals corresponding to the five studied stages.

TABLE I
HYPERBARIC CHAMBER TEMPERATURE AT EACH STAGE. RESULTS SHOWN

AS MEDIAN/INTERQUARTILE RANGE VALUES.

1D 3D 5 3A 1A
◦C 31.3/3.2 33.7/2.5 34.3/2.4 31.8/2.8 32.8/2.8
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III. METHODS

A. Time parameters of the PRV signal

A low-pass FIR filter was firstly applied to the PPG signal,

with red wavelength, to estimate baseline in order to remove

it from the signal (cut-off frequency of 0.07 Hz) [26]. Another

low-pass FIR filter, with cut-off frequency of 35 Hz, was

applied over the PPG signal to remove the high frequency

noise [27]. The resulting signal was named as xPPG(n).
Artefactual pulses in the preprocessed PPG signal were

suppressed by using the artefact detector described in [28].

Then, the apex (nAi), the basal (nBi) and the medium (nMi)

points of the i-th PPG pulse were automatically detected using

an algorithm based on a low-pass differentiator filter [29].

These points are highlighted in Fig. 1. The medium points

were considered the fiducial points in the PPG because of

their robustness for computing the pulse to pulse (PP) time

series as the difference between consecutive nMi [30].

Four time parameters were computed from the PP time

series, and then the mean of these parameters in the last four

minutes for each stage were obtained (1D, 3D, 5, 3A and

1A):

• NN : median of the Normal-to-Normal (NN) intervals

between the fiducial points (measure units: s);

• IQR: interquartile range as a measure of statistical dis-

persion (measure units: s);

• RMSSD: root mean square of the successive differences

between adjacent NN intervals (measure units: s);

• pNN50: number of pairs of successive NN that differ by

more than 50 ms, divided by the total number of NN

(measure units: %).

B. Frequency parameters of the PRV signal

With the PP time series, the instantaneous pulse rate (PR)

signal (dPR(n)) was obtained at 4 Hz using cubic spline

interpolation. The basis for the analysis of the ANS is the

integral pulse frequency modulation model [31]:

dPR(n) =
1 + M(n)

T (n)
, (1)

with M(n) being the modulating signal carrying the infor-

mation from the ANS and T (n) the mean pulse period,

considered the variations of the term 1/T (n) are slower than

those of the term M(n)/T (n) in the model.

Then, a time-varying mean PR, (dPRM(n)), was obtained by

low-pass filtering dPR(n), with a cut-off frequency of 0.03 Hz:

dPRM(n) =
1

T (n)
(2)

Later on, PRV signal (dPRV(n)) was obtained as:

dPRV(n) = dPR(n)− dPRM(n) (3)

Finally, M(n) was obtained by correcting dPRV(n) by

dPRM(n):

M(n) =
dPRV(n)

dPRM(n)
(4)

Four frequency parameters were calculated based on the

power spectral distribution (PSD) analysis of the modulating

signal M(n). The 4-min-duration recording for every atmo-

spheric pressure stage was considered stationary. Therefore,

classic frequency domain indices were computed for the M(n)
signal using Welch’s power spectral density estimation, with

seven 1-min-duration Hamming windows and an overlap of

50%. In summary, the following frequency parameters were

defined in each stage (1D, 3D, 5, 3A and 1A):

• PLF: power in the LF band (0.04 - 0.15 Hz; measure units:

arbitrary units, a.u.);

• PHF: power in the HF band (0.15 - 0.4 Hz; measure units:

a.u.);

• PLFn
: power in the LF band normalized with respect to

the powers in the LF and HF bands (measure units: n.u.,

normalized units): PLFn
= PLF/(PLF + PHF);

• RLF/HF: ratio between LF and HF power (measure units:

n.u.): RLF/HF = PLF/PHF.

C. Morphological parameters of the PPG signal

The PPG waveform is usually splitted in two phases:

the upward and downward segments of the pulse (anacrotic

and catacrotic phase, respectively). The first phase primarily

concerns systole, and the second phase diastole and wave

reflections from the periphery [17].

In this work, nineteen morphological parameters of the PPG

signal were considered. To extract these parameters, the PPG

signal was transformed so that it only has positive values. To

do this, a cubic spline interpolation over the points with the

least amplitude of each pulse was subtracted from the PPG

signal, obtaining x̂PPG signal.
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Fig. 1. Location of the onset nOB, end nEB, medium nM, medium in
catacrotic phase nEM and apex nA points, necessary to compute PPG signal
morphological parameters.

To define the morphological parameters, six different char-

acteristic points of the PPG pulse were used. These char-

acteristic points are highlighted in Fig. 1. The first three

characteristic points were the apex (nAi), the basal (nBi) and the

medium (nMi) points of the i-th PPG, defined in Section III-A.



4

The next two characteristic points were the onset (nOBi)

and end points (nEBi). nOBi was estimated similarly to the

onset point in Lázaro et al. [27], but using the x̂PPG(n) signal

without the additional low-pass filter, which would cause an

overestimation of the pulse width.

The nEBi was estimated based on the assumption that this

point, in the PPG signal, must have an amplitude similar

to nOBi, due to the elimination of the PPG baseline in the

preprocessing. Thus, nEBi was estimated in a similar way as

the end point in [27], but without filtering the PPG signal and

looking for the point with slope closest to the slope ηx′
PPG
(nUi)

in the interval [noxi, nexi]. ηx
′
PPG
(nUi) represents a beat variable

threshold dependent on the minimum slope, reached at point

nUi.

noxi and nexi were determined by the following equations:

noxi =Di(1),

nexi =min {nAi + 1.3fs, nAi+1} ,
(5)

where

Di(n) ={n | x̂PPG(n) ≤ (x̂PPG(nOBi) + δ(x̂PPG(nAi)− x̂PPG(nBi)))

∀n ∈ [nAi, nexi]}.
(6)

A value of δ = 0.1 + α · 0.1, where 0 ≤ α ≤ 9 and α ∈ N

was considered. The value of α is the smallest value that makes

the number of elements in the interval Di greater than 50.

The multiplicative factor of fs that was used in the compu-

tation of nexi was considered as 1.3 s to adapt the estimation to

the characteristics of the population, which contains subjects

with low cardiac frequencies.

η factor was 0.03 to detect nEBi and 0.15 to detect nOBi,

since the pulse slope in catacrotic phase is five times shallower

than in the anacrotic phase, in this population. This factor was

estimated considering the beginning and the end of the pulse as

the points with less amplitude in the intervals [nAi −0.6fs, nAi]
and [nAi, nAi + 1.3fs], respectively.

The last characteristic point was the point of the catacrotic

phase of the pulse i-th, with the same amplitude as x̂PPG(nMi).
This point was named as nEMi and was estimated as:

nEMi = arg min
n

{|x̂PPG(nMi)− x̂PPG(n)|

∀n ∈ [nAi, nyi]},
(7)

where nyi = min {nOBi+1, nAi + 0.6fs}.

The morphological parameters extracted, based on these

characteristic points, can be divided into four categories:

1) Amplitude of PPG pulse: the first parameter was the

amplitude of the PPG pulse (PA), which was estimated based

on the following equation using the apex and basal points (nAi

and nBi):

PA(i) = x̂PPG(nAi)− x̂PPG(nBi) (8)

2) Width of PPG pulse: The times elapsed between dif-

ferent points of the pulse were the origin of eight of the

morphological parameters. The first one was the time between

the onset point (nOBi) and the end point (nEBi) (Fig. 1). This

pulse width was named as PWB, where B refers to the base

of the pulse, and it was estimated as:

PWB(i) =
1

fs
(nEBi − nOBi) (9)

The pulse width, measured at half height of the PPG

pulse (PWM ), was also included among the morphological

parameters. M refers to the medium points (nMi and nEMi). This

width was estimated as:

PWM(i) =
1

fs
(nEMi − nMi) (10)

The next four pulse width parameters were defined based on

the previous ones, in the anacrotic and catacrotic phases, with

the point of maximum amplitude of the pulse, nAi, separating

them. These parameters were estimated as:

PWBu(i) =
1

fs
(nAi − nOBi) PWBd(i) =

1

fs
(nEBi − nAi)

PWMu(i) =
1

fs
(nAi − nMi) PWMd(i) =

1

fs
(nEMi − nAi)

(11)

Where the subscript u means upslope associated to anacrotic

phase while the subscript d means downslope associated to

catacrotic phase.

To study the relationship between the anacrotic and the

catacrotic phase, the ratios of the widths between these phases

were included among the selected parameters:

PWBr(i) =
PWBd(i)

PWBu(i)
PWMr(i) =

PWMd(i)

PWMu(i)
(12)

3) Slopes of PPG pulse: The slopes of the anacrotic (up-

ward) and catacrotic (downward) phases of each PPP pulse,

simplified as the Pulse Slope (PS), were computed as follows,

based on the amplitude and widths of each phase:

PSu(i) =
x̂PPG(nAi)− x̂PPG(nOBi)

PWBu(i)

PSd(i) =
x̂PPG(nAi)− x̂PPG(nEBi)

PWBd(i)

(13)

4) Areas of PPG pulse: The last eight morphological

parameters were the areas under the PPG curve limited by the

points nOBi, nMi, nAi, nEMi and nEBi, and the ratio of the two areas

in anacrotic and catacrotic phases. Fig. 2 shows an example

of the estimated areas for two pulses of the PPG signal.

The area under the PPG curve was estimated as:

A(i) =
b∑

n=a

(x̂PPG(n)− L(n)); (14)

where L is the equation of the straight line defined through

the points (a, x̂PPG(a)) and (b, x̂PPG(b)).
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(a) Areas at the base of the pulse
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(b) Areas at half height of the pulse

Fig. 2. Areas under the PPG curve with baseline of the areas at the pulse base (top figure) and at half height of the pulse (bottom figure). L(n) is the
equation of the straight line defined through the start and end points of the areas.

Finally, the PPG areas were estimated as:

PAB(i) = {A(i) : a = nOBi, b = nEBi}

PABu(i) = {A(i) : a = nOBi, b = nAi}

PABd(i) = {A(i) : a = nAi, b = nEBi}

PAM(i) = {A(i) : a = nMi, b = nEMi}

PAMu(i) = {A(i) : a = nMi, b = nAi}

PAMd(i) = {A(i) : a = nAi, b = nEMi}

(15)

The ratios of the two areas in catacrotic and anacrotic phases

were estimated as:

PABr(i) =
PABd(i)

PABu(i)
PAMr(i) =

PAMd(i)

PAMu(i)
(16)

A median filter was used to identify outliers in the calculated

morphological parameters [32], where every sample outside

the range [median ± G · std] of the Ng previous data was

removed. In this study, G = 5 and Ng = 25.

In summary, based on the characteristic points of each pulse

of the PPG signal (Fig. 1), the morphological parameters

shown in Table II were defined as the mean of the four minutes

of each stage (1D, 3D, 5, 3A and 1A).

TABLE II
SUMMARY OF THE MORPHOLOGICAL PARAMETERS EXTRACTED. (a.u.

ARBITRARY UNITS, n.u. NORMALIZED UNITS).

Groups Parameters Measure units

Amplitude PA a.u.

Widths

PWB, PWM, PWBu,
s.

PWBd, PWMu, PWMd

PWBr , PWMr n.u.

Slopes PSu, PSd a.u.

Areas

PAB, PAM, PABu,
a.u.

PABd, PAMu, PAMd

PABr , PAMr n.u.

D. Statistical analysis

In order to minimize the effects of the intersubject vari-

ability, the Relative Change (RC) of each parameter (Y) with

respect to the reference stage (1D), for each studied stage,

was calculated as a percentage:

R(YS) =
YS − Y1D

Y1D
× 100, (17)

where S can be 3D, 5, 3A or 1A.

The Shapiro-Wilk test was used to check normality of the

ratios R(YS). When the normal distribution of one ratio was

verified, the t-Student paired test was applied. When not, the

Wilcoxon paired test was applied. A p-value < α defines

significance in value with respect to basal state 1D, where the

significance level α can be 0.05, 0.01 or 0.001. This test allows

identifying significant differences in each parameter, for each

stage with respect to the basal state. Finally, a test using Anova

statistics with Bonferroni correction for multiple comparisons

was applied to assess the differences between the estimated

RCs of the four stages. When the normal distribution of one

RC of the considered group was not verified, a Friedman test

was applied instead of the Anova test. These tests were applied

to each parameter and between the four stages with pressure

increase (3D, 5, 3A and 1A).

IV. RESULTS

The population used in this study comprises 28 subjects

whose PPG signal was recorded in five stages. Twenty-seven

parameters were extracted from this signal: eight from the

PRV signal and nineteen from the morphology of the PPG

pulse. Data for one subject are only available for stages 1D,

3D and 5 as the recording suddenly stopped, thus meaning

that the final two stages could not be recorded. Two other

subjects present a very noisy signal in stage 1A. Therefore,

there are 28 subjects for 1D, 3D and 5; 27 subjects for 3A;

and 25 subjects for 1A.
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A. Time and frequency parameters of the PRV signal

Respiratory rate modifies the spectral power of the PRV

signal. Thus, respiratory rates lower than 0.15 Hz or greater

than 0.4 Hz may result in an overestimation of the power

in the LF band or an underestimation of the power in the

HF band, respectively. The analysis of the respiratory rate,

and its effect on the PRV, was carried out in our previous

study with this same database [2]. As a result, several subjects

were discarded from various stages of the test, and considering

the normalization with respect to the stage 1D in this study,

the final number of subjects in each stage for time-frequency

parameters was: 15 subjects in 3D, 13 subjects in 5, 15

subjects in 3A and 13 subjects in 1A.

Fig. 3 shows the distribution of each time-frequency pa-

rameter along the various stages. As regards time parameters,

their values increase significantly with respect to basal state

1D. The frequency parameters show a significant increase in

the PHF, in stages 3D, 5 and 3A, while a decreases in PLFn

are mainly observed for stages 5 and 3A. The PLF shows

significant changes in stage 3D and 3A. These variations are

consistent with an augmented activity of the parasympathetic

branch of the ANS, together with a reduction in the activity

of the sympathetic branch.

B. Morphological parameters of the PRV signal

Fig. 4.a and b show significant increases in all stages for

the parameters PWBu, PWM and PWMu, with respect to

1D stage. Similar results are observed in the area parameters

(Fig. 4.c and d), except for stage 1A. Significant changes are

also observed in stages 3D, 5 and 3A, for the ratios between

catacrotic and anacrotic phases of width and area parameters of

the pulse, except for PAMr. Regarding the slopes (Fig. 4.e),

a significant decrease is observed in the ascending stages,

respect 1D stage for PSu. Additionally, significant differences

are found between stages 3D and 5, compared to stage 1A,

in PA, PSu and PSd. These parameters maintain a reduction

of around 40% of the basal state after recovering the pressure

of 1 atm. PABu and PSd parameters are the only ones that

show significant changes in the stages with increased pressure,

compared to the two stages at 1 atm, 1D and 1A. Note that

the parameters extracted from the anacrotic phase of the pulse

seem to follow the changes in atmospheric pressure better than

the other morphological parameters.

V. DISCUSSION

In this work, the PPG signal of 28 subjects was recorded

in five hyperbaric stages, from 1 atm to 5 atm (descent), and

back to 1 atm (ascent), with stops at 3 atm in both descent

and ascent. Twenty-seven parameters were extracted: eight

from the PRV signal and nineteen from the morphology of

the PPG pulse (Table II). The ANS control is complex, in a

previous work a comparison based on ECG and PPG signals

was performed and the conclusion was that the information

that can be extracted from the ECG is highly correlated

with that of the PPG [2]. The present work is focused on

the latter due to its implicit advantages and thinking about

monitoring using wearables. The study has been extended with

the morphological analysis of PPG pulse that adds value to the

PRV, which presented with similar results to the HRV based

on ECG. The RCs of PRV parameters were calculated with

respect to the reference stage (Equation 17). This allowed us

to identify significant changes in some parameters, which were

not appreciable without referencing the values to the baseline

state od the subjects. This was the case of the significant

increase observed in the PHF, in stages 3D, 5 and 3A, as

well as the decrease observed in the PLFnin stages 5 and 3A
(Fig. 3). PHF increased with pressure, while no significant

changes were observed in stage 1A, which suggests that the

PHF of the subjects returns to its basal state. PHF seems to

respond quickly to changes in pressure, recovering its baseline

at 1A. These changes were observed in [2], but only for

stage 5, not for intermediate stages. Therefore, the RC of

the parameters with respect to the baseline stage could be

essential in the analysis of the results. Furthermore, the time

parameters showed significant changes with the time elapsed

in a hyperbaric environment, without recovering the baseline

state at 1A.

Regarding the morphological parameters, the first challenge

was to improve the identification of the onset and end points

of the pulse, with respect to previous works [20], [24].

The estimation of the onset (nOBi) and end (nEBi) points was

based on an algorithm whose objective was to estimate the

respiratory rate through combining information extracted from

the derived respiration signals for PPG, including the pulse

width [27]. While the anacrotic phase of PPG pulse is abrupt,

with a steep slope, the catacrotic phase is irregular, with many

slope changes, and the presence of the diastolic peak and

the dicrotic notch, which makes the estimation of the end of

the pulse difficult. To palliate this difficulty, in [27] a low-

pass filter was applied, which softens these irregularities, but

introduces an overestimation in the width of the pulse. This

overestimation is similar in all the pulses and does not suppose

a disadvantage for the correct estimation of the respiratory

rate of the subject. In the present work, pulse widths were

compared in different hyperbaric stages and between different

subjects. So, this overestimation in the width would not remain

uniform in all the signals analysed, and therefore the filtering

of the PPG signal was removed. Without this filtering, the

algorithm by Lázaro et al. [27] could confuse the dicrotic notch

with the pulse end point. nOBi points were estimated without

low-pass filtering the PPG signal, since the pronounced and

uniform slope of the anacrotic phase of the pulse allows

the estimation algorithm to work optimally. However, for the

estimation of nEBi, a redefinition of the search interval of the

point was introduced. Since the baseline of the PPG signal

was removed in the preprocessing, the nOBi and nEBi points

have similar amplitudes. Based on this, the range in which nEBi

was sought was restricted to the region of the pulse catacrotic

phase with amplitude similar to x̂PPG(nOBi). This region would

not include neither the diastolic peak nor the dicrotic notch

of the catacrotic phase, so filtering would not be necessary to

soften the signal. Thus, overestimation and confusion between

the dicrotic notch and the pulse end were avoided. This new

methodology provides robust results in the estimation of the

onset and end points, and a more accurate determination of
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Fig. 3. Boxplots of the frequency and time parameters of the PRV. The significance level α of the t-Student or Wilcoxon test is indicated with ⋆ for α = 0.05,
⋄ for α = 0.01 and † for α = 0.001. The arrows indicate statistically significant differences between compared groups using Anova or Friedman statistics
with the Bonferroni correction for multiple comparisons test when the median value of one stage (arrow start) is significantly higher or lower than the other
(arrow end). The colours of the start and end of the arrows indicate the stages analysed.

the pulse width.

The pulse width, measured at base and half height of the

pulse of the systolic peak, was considered. Previous works

showed that the systolic amplitude and the pulse area correlate

with the systemic vascular resistance worse than the pulse

width at the half height of the systolic peak [18]. Significant

differences were identified in the pulse width, measured at the

base and at the half height of the systolic peak, in all the

analysed stages except in PWB for stage 5 (Fig. 4.a and b),

suggesting an increase in the systemic vascular resistance.

However, a reduction in the ambient temperature can also

produce this vasoconstriction, for this reason the temperature

of the hyperbaric chamber was recorded during the test. Table I

shows that a 4 atm increase in atmospheric pressure causes

an increase in the ambient temperature around 3◦C. This

increase in the temperature activates vasodilator system in

the human body, and therefore more blood is transferred

from the core to the surface of the skin [33]. However, our

results show an increase in pulse width that other authors

have related to a possible vasoconstriction [18]. A decrease

in the distensibility of the arterioles could result in a longer

time for the arterioles to reach the peak blood volume, that

is, an increase in the pulse width. In fact, there is only one

decrease of temperature inside the hyperbaric chamber, from

5 to 3A. The decrease in temperature causes reflex activation

of sympathetic vasoconstrictor nerves, resulting in cutaneous

vasoconstriction and decrease blood flow to the skin [34].

This sympathetic activation is not observed in the PLFn and

RLF/HF parameters (Fig. 3). The results of Fig. 4.a and b, show

an increase in the median value of PWB and PWM in

stage 3A (only significant for PWM ), with respect to the

previous stages. The results do not allow us to discern whether

this increase is due solely to the decrease in temperature or

is also influenced by the increase in atmospheric pressure,

with respect to the basal state. Regarding stage 1A, prior to

this stage, subjects must perform decompression stops lasting

between 50 and 55 minutes, allowing subjects to acclimatize

to the small change in temperature, compared to the previous

stage. The temperature changes between consecutive stages

were significant, except between stages 3A and 1A. Based on

these results, it can be ruled out that the increase in pulse

width is due to a drop in temperature inside the chamber,

except for stage 3A. Regarding the pulse amplitude, it did not

show significant changes, except for a decrease in stage 1A
respect 3D and 5 stages. This same effect in PA was observed

in subjects exposed to hyperbaric oxygen treatments [35],

where subjects were exposed to oxygen partial pressures of

at least 2 atm absolute. In our study, in the final ascent

stages, several decompression stops were performed where the

subjects were exposed, for a considerable period of time, to

pressures that did not exceed 3 atm. It is in this period of

time, where a decrease in PA was observed. The work of

Awad et al. [18], showed that an increase in the systemic

vascular resistance is correlated with a decrease in pulse

amplitude and an increase in pulse width, also observed in our

results. Awad et al. [18] affirm that the pulse width increase

is consistent with the prolongation of the time required for

transmission of the pulse wave at the level of the arteriolar

vessels due to the increased vascular resistance. This increase

might be attributable to a vasoconstriction, or changes in blood

viscosity [18]. Arteriolar resistance is under the control of

the sympathetic nervous system. Vascular smooth muscle of

arterioles is innervated primarily by the sympathetic nervous

system. The reduction in arteriolar diameter (vasoconstriction)

can increase the arteriolar resistance to blood flow [36]. It

is known that in a hyperbaric environment, the increase in

partial pressure of oxygen produces a general vasoconstriction

(especially in kidneys, skeletal muscle, brain and skin) [9].

Therefore, sympathetic activity and temperature variations

have an impact on peripheral blood flow [17], [37]. This sym-

pathetic activation, however, was not observed in the frequency

parameters of the PRV. In previous studies, the normalized

power of the PRV in the LF band with respect to the sum of the

powers of both LF and HF bands (PLFn), and the ratio between

these two powers (RLF/HF) are considered as a representation of

the sympathovagal balance of the ANS [2], [38], [39]. These

parameters did not increase when the atmospheric pressure

or the time in the hyperbaric environment augmented [2]
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(Fig. 3). Results even showed a significant decrease in the

PLFn and RLF/HF, in stages 5 and 3A. This apparent discrepancy

may be caused by the fact that the sympathetic activation

was related to a vasoconstriction that do not affect the PRV

frequency parameters. Based on this, it can be considered that

the decrease in PA and the increase in pulse width was due to

a vasoconstriction. The results seem to indicate that the PPG

morphology allows the identification of an early sympathetic

activation before this activation is intense enough to modify

the frequency parameters of the PRV. Similar results were

obtained in a previous study where low level of stress was

induced in subjects [20]. However, in studies in which sub-

jects were exposed to more demanding stressors (e.g. mental

arithmetic, exams, reaction time), central sympathetic system

was activated [38], [39]. It is not known whether an increase

in the time of exposure to a hyperbaric environment or in the

pressure reached, may cause a central sympathetic activation

that modifies the PRV frequency parameters. More studies,

with subjects exposed to higher pressures, are necessary to

clarify the evolution of the ANS response.
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In Fig. 4.a and b, PWB, PWM , PWBd and PWMd

parameters show a similar trend with respect to the changes

observed in the NN parameter. However, the changes ob-

served in parameters PWBu and PWMu are compatible

with the expected physiological response in the subjects: an

increase in vasoconstriction due to an increase in atmospheric

pressure or a drop in temperature. It can be seen that these

parameters increase with the increase in pressure (stages 3D

and 5), and that in stage 3A there was an increase in their

values and greater interquartile ranges, due to the drop in

temperature when going from stage 5 to 3A. While the

pressure increase was the same for all subjects, the change

in temperature could not be adequately controlled between

these two stages, which could cause the observed interquartile

range increase. The vasoconstriction caused by the hyperbaric

environment can be maintained for a few minutes, or hours,

after returning to basal pressure [12], so the increase in PWBu

and PWMu in stage 1A was also consistent with expectations.

Even so, although there were indications that these parameters

seem to be more suitable for identifying changes in the

systemic vascular resistance than the pulse width, with the

records performed in this work it cannot be guaranteed. The

design of a specific test would be necessary to validate this

point, which should include invasive measures of the systemic

vascular resistance.

Regarding the ratios of the pulse width, PWBr and PWMr

showed a significant decrease in all stages except for 1A.

The trend of these parameters followed the pressure changes,

and in stage 1A they recovered their baseline state. Although

the width ratio was recovered in stage 1A, the width of

both, the anacrotic phase and the catacrotic phase, increased

significantly in this stage. The anacrotic phase is related to the

systole [17] and the results showed significant increases in this

phase (PWBu and PWMu) at all stages. Regarding catacrotic

phase, there were significant changes in PWMd at all stages,

except in stage 5. However, the specific physiology of each

subject can cause the dicrotic notch to be above the midline

of the pulse or below. In those cases where the dicrotic notch

falls below the midline, PWMd does not contain information

from the reflected wave, but only from the systolic response.

As mentioned, exposure to a hyperbaric environment causes

a general vasoconstriction and a bradycardia, but it can also

cause an increase in mean and diastole blood pressure, and

an increase in the activity of cardiac parasympathetic nerves,

which can be maintained after recovering the basal pressure of

1 atm [12]. The physiological response of subjects exposed to

a hyperbaric environment is complex, and technical difficulties

have prevented a comprehensive assessment of cardiovascular

changes during diving in humans. Most of the knowledge on

human diving physiology has been obtained from the study

of head-out immersed subjects [40], [41]. Head-out immer-

sion of humans in thermoneutral water causes an immediate

translocation of blood from the limbs to the chest, as well as

increased plasma volume due to transcapillary autotransfusion

of fluid from the cells [8], which causes an increase in cardiac

end-diastolic volume, stroke volume and cardiac output [8]. To

compensate for these increases, a reflex autonomic response

is caused which results in endocrine changes that try to return

plasma volume and arterial pressure to pre-immersion levels.

An increase in arterial blood pressure due to increased cardiac

output can cause an increase in PA [18]. As long as this

increase in blood pressure is not recover to normal level, the

increase in pulse amplitude would compensate for the decrease

caused by vasoconstriction. This may be the reason for which

a decrease in PA is observed only in the final stages (3A and

1A), when the subject has already spent more than 45 min in

a hyperbaric environment.

Wang et al. [19] split the pulse area at the dicrotic notch,

according to wave reflection theory where an arterial blood

pulse could be divided into two waves: a first wave produced

by heart pumping and a second wave produced by pulse

wave reflection. They found that the total peripheral resistance

can be assessed by the ratio of the two areas. Therefore,

the ratio between the areas of the second and first peaks in

the PPG wave, is mainly influenced by the strength of the

pulse wave reflection. Pulse wave reflection results from the

mismatch between different parts in the arterial system. Other

studies showed that approximately 90% of the total peripheral

resistance is located in small arteries [19]. This is because if

the small arteries contract, the total peripheral resistance will

change, which will have an impact on the strength of the wave

reflection, and will change the area ratio even more [19]. In

the present work, the dicrotic notch of some subjects was not

identifiable, so the pulse was divided into two areas separated

by the maximum systolic point (areas of the anacrotic and

catacrotic phases). In this case the area of the anacrotic phase

(Fig. 2: PABu) is a consequence of heart pumping, but the

area of the catacrotic phase is a consequence of both heart

pumping and pulse wave reflection (Fig. 2: PABd). Therefore,

this parameter is more generalizable, since the dicrotic notch

can be difficult to locate. PABr showed a significant decrease

for all stages, except for stage 1A, which is consistent with

an increase in peripheral resistance during the stages with

increased atmospheric pressure. Nevertheless, PAMr did not

show sufficient sensitivity to detect this increase in periph-

eral resistance. Additionally, the area under the PPG curve,

PAB and PAM , increased with pressure, with no significant

changes when baseline pressure was recovered in stage 1A.

However, in a hyperbaric environment, there is not only an

increase in systemic vascular resistance, but there could also

be an increase in cardiac output affecting PA, and therefore

also pulse areas. This may be the reason for the discrepancies

observed in the 1A stage, between the pulse widths, which do

not recover their reference state, and the calculated areas.

Regarding the pulse slopes, an increment in PSd can be

observed while pressure increases, which was significant for

stage 5, despite no significant changes were observed neither

in PWBd nor in PA. The decrease in PA, in stage 1A, can

be the origin of the decrease in PSu and PSd. PSu showed

a greater sensitivity than PA to change during the ascending

stages (3A and 1A).

As mentioned above, in future work it would be interesting

to include invasive measures of the systemic vascular resis-

tance, but also measurement of the subjects blood pressure

inside the hyperbaric chamber, which would imply that a

physician should remain inside the hyperbaric chamber with
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the subjects.

VI. CONCLUSION

The parameters extracted from the anacrotic phase of the

pulse seem to follow the changes in atmospheric pressure

better than the other morphological parameters. While the

classical time and frequency parameters of PRV show an

increase in parasympathetic activity (PHF) and a decrease in

the parameters that characterize the sympathetic response (PLFn

and RLF/HF) in hyperbaric conditions, the morphological ones

indicate a peripheral sympathetic activation. The peripheral

activation produces a vasoconstriction that increases the pulse

width and area. However, the pulse width of the anacrotic

phase seems to be a better marker in the variation of peripheral

vascular resistance than the pulse width. Future studies would

be necessary to confirm this. Based on the results obtained, it

seems that the morphology of the PPG signal could provide

complementary information to that extracted from the PRV

on the response of the cardiovascular and nervous systems

of subjects exposed to hyperbaric environments, thus being a

suitable tool for monitoring its activity in these environments.

It is important to locate parameters that have a high correlation

only with pressure changes, and are independent of the time

elapsed in a hyperbaric environment, to simplify the future

development of an automatic safety system for the diver’s

response to the hyperbaric environment. There were several

parameters that seemed to maintain this relationship with

pressure, such as: PHF, pulse areas, and width ratios. However,

the PHF parameter needs a minimum of 4 minutes of recording

and consecutive pulses to be extracted, but the morphological

ones can be averaged over a few pulses that do not have to

be consecutive. For this reason, the morphological parameters

seem more optimal for the development of integrable applica-

tions in wearables like smart watches or bands.
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