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Abstract—Objective: A new algorithm to decompose the photo- 
plethysmogram (PPG) pulse in two waves related with the systolic 
and diastolic parts, was applied to identify alterations in the 
morphology of the PPG pulse due to the pressure. Approach: 
Each pulse was decomposed into two waves: the first one a 
Gaussian related with the systolic peak, and the second one was 
modelled as a lognormal curve associated with the diastolic part. 
From these two waves, 13 parameters related with the width 

(W1, W2 and W2/W1), the time instant (T1, T2, T21, TBB), the 

amplitude (A1, A2, A2/A1) and the areas (D1, D2, D2/D1) were 
estimated. These parameters were computed from subjects inside 
a hyperbaric chamber, involving five stages at different pressure: 
1 atm, 3 atm, 5 atm, 3 atm and 1 atm. Main results: There was 
a significant increase in the values of A1, A2, W1, T1, and D1, 
and a decrease in the ratios when the pressure increased, that 
suggest a vasoconstriction when the pressure increased. There 
is also an increase in the values of TBB, T2, T12, and W2 

along the protocol, that implies a dependency of some parameters 
with the pulse-to-pulse interval. Significance: This methodology 
allows extracting a large set of parameters related with the PPG 
morphology that are affected by the change of pressure inside 
hyperbaric environments. 

Index Terms—PPG morphology, pulse decomposition analysis, 
hyperbaric environments, lognormal. 

 

I. INTRODUCTION 

Photoplethysmography (PPG) is an optical measurement 

technique that can be used to detect blood volume changes 

in the microvascular bed of tissues [17]. PPG morphology 

can provide information about vascular assessment or arterial 

compliance, since pulse pressure propagation in arteries causes 

alterations in blood volume and therefore changes in the PPG 

pulse shape [18], [19]. In the bibliography, there are several 

studies that give some physiological interpretation to the vari- 

ation of pulse waveform parameters. In [20], variations in PPG 

amplitude is directly proportional to vascular distensibility; 

in [21], a reduction in the pulse amplitude may be directly 

attributable to a loss of central arterial pressure, which could 

be related to an activation of the sympathetic system of the 

subject; in at least two studies [23], [24], the reflection index 

(RI), which is the ratio between the amplitude of the systolic 
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and the diastolic peaks of the PPG, could be used as an estima- 

tor of the vascular resistance of the peripheral arteries; also the 

ratio of two PPG subareas (divided at the dicrotic notch) could 

be an indicator of total peripheral resistance [26]; even some 

studies suggest that PPG width is correlated with the systemic 

vascular resistance [27]. Also, there are some studies that 

analyze the variations of some pulse morphological parameters 

during different stages, finding differences among basal and 

low stress states [28] among different types of exercise [29], 

[30] or among different postural changes [31]. Therefore, in 

this work, PPG morphological parameters are extracted in 

different atmospheric pressure stages, to see if they differ or 

not due to the pressure. 

The parameters mentioned above are extracted from the 

original PPG waveform or from its first or second derivatives. 

In other works, those parameters can be extracted from PPG 

pulses modelled by a linear combination of several waves. This 

methodology is called Pulse Decomposition Analysis (PDA). 

The premise of the PDA model is that the peripheral arterial 

pressure pulse is a superposition of individual component pres- 

sure pulses, the first of which is due to the left ventricular ejec- 

tion from the heart while the remaining component pressure 

pulses are reflections and re-reflections [32]. Most of the PDA 

techniques try to fit a model based on a superposition of waves 

at once, based on different shapes including Gaussians [32], 

[33], [34], lognormals [35], Rayleighs [36] or a combination of 

them [37], [38]. However, not always the decomposed waves 

match with the systolic and diastolic peaks, or they do not have 

enough amplitude to extract some parameters as the reflection 

index. Another type of approach is to extract the waves one-by- 

one, as in [40], [41] instead of fitting a several-waves-model 

at once. In these two works, the authors proposed the use of 

three Gaussians waves to decompose the entire pulse, which 

usually get worse fitting at the end of the pulse due to the 

asymmetry between the up-slope and the down-slope of the 

PPG pulse. 

Therefore, in this work, we proposed a new technique to 

estimate parameters from the pulse waveform. A first wave 

related to the systole is extracted directly from the PPG 

pulse concatenating the up-slope (from the beginning till 

the absolute maximum) with itself horizontally flipped. Then 

a second wave related with the diastole is modelled by a 

lognormal wave. From these two waves, the amplitude, the 

time instant, the width, the area and some ratios are extracted. 

This algorithm is applied into the hyperbaric chamber dataset 

to identify alterations in the morphology of the PPG pulse due 

Manuscript Click here to view linked References

https://www.editorialmanager.com/bspc/viewRCResults.aspx?pdf=1&docID=27650&rev=2&fileID=455855&msid=6dffab4d-7dc1-4a78-a0a9-3c3db4ff948d
https://www.editorialmanager.com/bspc/viewRCResults.aspx?pdf=1&docID=27650&rev=2&fileID=455855&msid=6dffab4d-7dc1-4a78-a0a9-3c3db4ff948d


2 
 

± ± 
± 

— ∈ − 

PPG 

PPG 

PPG 

PPG PPG 

 

 

to the exposure of the subjects to pressure changes. 

II. MATERIALS 

A total of 23 subjects (22 males and 1 female), with a 

mean age of 27.74 5.15 years, with a mean height of 

176.45 5.73 meters and a mean weight of 78.18 8.63 

kilograms, were recorded inside the hyperbaric chamber of 

the Hospital General de la Defensa de Zaragoza, with the 

approval  from  the  “Comité  de  ética  de  la  investigación  con 

medicamentos  de  la  inspección  general  de  sanidad  de  la 

Defensa” ethics committee. It must be highlighted that 20 

subjects out of 23, the 86.96% of the total study population, 

were military personnel. 

The protocol consisted in five different stages involving 

5 minutes (min) stops at different atmospheres (atm): 1 atm 

(sea level), 3 atm (simulating 20 meters depth) and 5 atm 

(simulating 40 meters depth), and subsequently returning to 

3 atm and 1 atm. The protocol inside the chamber had 

a duration of about two hours and most of the time was 

spent in the decompression stops between 3 atm and 1 atm, 

as recommended in standard decompression tables. In 19 

B. Pulse decomposition analysis 

Once each pulse was isolated, two main waves were ex- 

tracted, the first one reflecting the systole and the second one 

related with the diastole, trying to match the maximum of each 

wave with the two peaks. All the entire process that reflects 

the pulse decomposition analysis is illustrated in Fig. 1. Next, 

an explanation of each phase of this process is given, and 

a reference to this Figure will be done to clarify the entire 

process and help the reader’s understanding. 

To extract the first wave related to the systole part of each 

pulse (i-th), the algorithm explained in [40] was applied as 

follows: 

1) Set the beginning of the up-slope wave as the previous to 

the first non-zero-amplitude sample (in this case, nBi). 

2) Set the end of the up-slope wave as the time instant of 

the absolute maximum (nAi). 

3) Estimate the systolic wave (yS,i(n)) by concatenating 

the up-slope with itself horizontally flipped, as it is 

shown in Eq. 1, assuming that it is symmetric. 

subjects, this decompression time was 44 min, distributed as 

follows: 2 min at 1.9 atm, 16 min at 1.6 atm and 26 min at 

1.3 atm. In the rest of the cases, this time was slightly fewer, 

but always upper than 30 min. A schematic representation of 

 

yS,i(n) = 
xP P G(n), n ∈ [nBi, nAi] 

xP P G(  n + 2nAi),   t [nAi, 2nAi nBi] 
0, otherwise 

(1) 

this protocol is shown in Table I. 
During the entire test, subjects remained relaxed and sitting 

comfortably, and the chamber was correctly ventilated to avoid 

major changes in temperature and humidity. Subjects remained 

in silence and without perform movements during basal stages. 

Therefore, a total of five stages, referred to as S1D, S3D, S5, 

S3A and S1A (S from stage; the number reflects the pressure, 

in atm; the letter D or A refers to descent or ascent) were 

studied. 

Recordings were performed using a Nautilus device [42], 

Therefore, this first wave represents the part of the PPG 
associated with the systolic peak (see parts a, b, and c of 

Fig.1). 

Then, this wave was subtracted from the original PPG 

waveform to characterize the diastolic part, obtaining the 

residual pulse waveform (r1   (n), see part d of Fig.1). Then, 

the location of the maximum of this new wave is found, and 

depending on its location, two possible alternatives can be 

followed: 

• On the one hand, if the temporal location of the maximum 

which allows recording the PPG signal on the middle finger 1 
PPG (n) is higher than the 35% of the pulse wave 

of the non-dominant hand with a sampling frequency (fs) of 

1000 Hz and the atmospheric pressure (fs = 250 Hz) inside 

the chamber. 

duration, this peak belongs to the diastolic part. 

• On the other hand, if the temporal location of the max- 

imum of r1 (n) is lower, this implies that this maxi- 

 

A. PPG preprocessing 

III. METHODS 
mum does not belong to the diastolic peak. Therefore, 

the same processing step explained for the first wave 

is repeated one more time, obtaining a transition wave 

A low-pass finite-impulse-response filter with a cut-off 

frequency of 10 Hz was applied to the PPG to attenuate 

noise [43]. Artefactual pulses were suppressed by using the 

artefact detector described in [44]. Later, the PPG pulses were 

automatically detected and the basal points (nBi) of each 

pulse were obtained using an algorithm based on a low-pass 

differentiator filter [45]. All these filters are forward-backward 

filters, that maintain the morphology of the pulse wave. Then, 

the baseline of the PPG signal was estimated by cubic-spline- 

interpolation of nBi and subsequently subtracted to ensure that 

(yT,i(n), see part e of Fig.1) that it is not used for 

extracting physiological parameters, but it is subtracted 

from the PPG pulse, obtaining another residual pulse 

waveform (r2 (n)), whose maximum is now related 

with the diastolic peak. 

This temporal threshold of 35% has been determined experi- 

mentally, based on the assumption that left ventricular ejection 

time related with the systole usually lasts less than 35% of the 

pulse wave duration [46]. 

Finally, when the residual waveform related to the diastolic 

each PPG pulse begins and ends with zero amplitude. Finally, part was found (r1 (n) or r2 (n), see part f of Fig.1), it 
for each subject, all the PPG pulses were normalized with 

respect to the pulse with the highest amplitude in the five 

stages according to the protocol (see Table I), to ensure that 

the maximum amplitude is one. The resulting PPG signal was 

called xP P G(n). 

was modelled as a lognormal wave (as can be seen in Eq. 2) 

to be able to extract some characteristics as the amplitude, the 

width and the area under the curve. To do this modelling, first 

the residual waveform was normalized to the unit in amplitude 

and to 1000 samples in time by spline interpolation. Once 
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TABLE I 
EXPLANATION  OF  THE  PROTOCOL  USED,  SHOWING  THE  ATMOSPHERIC  PRESSURE,  THE  DIFFERENT  PARTS  AND  THEIR  RESPECTIVE  DURATIONS. 

 

 

Pressure 1 atm (sea level) 1-3 atm 3 atm 3-5 atm 5 atm 5-3 atm 3 atm 3-1 atm 1 atm (sea level) 

Explanation S1D Descending S3D Descending S5 Ascending S3A Ascending S1A 

Duration 5 min 6-8 min 5 min 6-8 min 5 min 6-8 min 5 min 50-55 min 5 min 

 

 

 

 
Fig. 1. Description of the pulse decomposition analysis algorithm, with the different steps remarked in red, the systolic and diastolic waves in blue and the 
resultant waves in black. From the original PPG pulse (xP P G(n), subfigure a), the wave related to the systolic peak (yS,i(n), subfigure c) is extracted by 
finding the up-slope and concatenating this part with itself horizontally flipped (first step, represented in subfigure b). Then, the first residual pulse waveform 

1 
PPG  (n), subfigure d) is obtained as the subtraction of yS,i(n) from xP P G(n). Later, if the time duration of the maximum of r1 (n) is shorter than the 

35% of the complete pulse time duration, a new wave (yT,i(n), subfigure e) not related with the diastolic peak is extracted, repeating the process described 

in the first step. In a similar way, the second residual pulse waveform (r2 (n), subfigure f) is obtained as the subtraction of yT,i(n) from r1 (n) and 
this wave is related with the diastolic peak and modelled as a lognormal wave (yD,i(n), subfigure g). If the time duration of the maximum of r1 (n) is 

longer than the 35% of the complete pulse time duration, it is this wave to be modelled as a lognormal wave. 

 

normalized, a lognormal wave was created with its values of 

µ and σ varying µ from µ0-100 to µ0+300 in steps of 25 

(where µ0 is the time location of the maximum) and σ from 

0.2 to 1 in steps of 0.1 respectively. The values of µ and σ 
that minimize the mean-squared error between the lognormal 

wave and the residual pulse waveform were selected and the 

lognormal wave obtained was now reconverted to the original 

values of amplitude and time (yD,i(n), see part g of Fig.1). 

(T1 and T2) of the two waves were defined. The width (W1 

and W2) was estimated as the full-width at half maximum 

since the end of the lognormal down-slope did not finish in 

the zero value. Also, the area under the curve from the top until 

the half maximum (D1 and D2) was computed. An example of 

these parameters can be seen in Fig. 3. The time delay between 

both waves (T12 = T2-T1), the reflection index (RI = A2/A1), 

the ratio between the widths (W2/W1), the ratio between 

the areas (D2/D1), and the pulse-to-pulse interval (TBB), 
1 

f (x) =    e 
2πσ 

(y    µ)2 

2σ2 (2) measured as the difference between consecutive nBi, were 

also calculated. These parameters were extracted from the five 

Finally, in Fig. 2, there is an example of the PPG pulse 

decomposition with three waves and with only two waves. 

 
C. Pulse waveform characteristics 

From the first wave associated with the systolic peak 

(yS,i(n)) and from the lognormal associated with the diastolic 

peak (yD,i(n)), several morphological features were extracted. 

The amplitude (A1 and A2) and the position of the maximum 

stages of the hyperbaric chamber dataset to see differences 

between the stages. 

 
 

D. Statistical analysis 

To minimize the effects of the inter-subject variability, the 

Relative Change (RC) of each parameter (Y) with respect to 

the reference stage (S1D), was calculated as a percentage: 

(r 
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Fig. 2. Example of the entire algorithm, with three waves (left) and with two waves (right). Firstly, a) and c) represents the original PPG pulse (xP P G(n)); 
b) and d) represents the extraction of the wave related to the systolic peak (yS,i(n)), with the up-slope (that it is horizontally flipped) highlighted in black. 
Secondly, e) and i) represents the first residual pulse waveform (r1 (n)), obtained as the subtraction of yS,i(n) from xP P G(n); in f) the time duration 
of the maximum of r1 (n) is shorter than the 35% PPG y (n)) not related with the diastolic peak is 

PPG of the complete pulse time duration, so a new wave ( T,i 
extracted, with the up-slope (that it is horizontally flipped) highlighted in black. Then, g) represents the second residual pulse waveform (r2 (n)), obtained 

as the subtraction of y 
 

T,i (n) from r1 (n). Finally, in h) and j) the time duration of the maximum is longer than the 35% 
PPG 

of the complete pulse time 

duration, so both waves are related with the diastolic peak and they are modelled as lognormal waves (yD,i(n), in black). 
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Fig. 3. Example of the amplitude (A1 and A2), position (T1 and T2), width (W1 and W2), area (D1 and D2) and time delay (T12) in two PPG pulses, the 
first one decomposed with three waves (a) and the second one decomposed with two waves (b). 
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RC(YX ) = 
YX  − Y1D    

100, (3) 
Y1D 

hyperbaric chamber. To do that, five different stages with three 

different pressures (1, 3 and 5 atm) were analyzed and the PPG 

signal was recorded in each of these stages. Each PPG pulse 

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

The Shapiro-Wilk test was used to check normality of 

the relative change RC(YX ). If the normal distribution of 

one ratio was verified, the t-Student paired test was applied. 

Otherwise, the Wilcoxon paired test was used. A p-value 

< α defines significance in value with respect to reference 

state S1D, 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 (or Friedman 

for non-parametric distributions) for multiple comparisons was 

applied. If statistically significant difference between groups 

exists, then a post-hoc analysis with T-Student (or Wilcoxon) 

using Bonferroni correction was applied to assess the differ- 

ences between the estimated RCs of the four stages [47]. 

 
IV. RESULTS 

The final number of subjects were 23 subjects in S1D and 

S3D, 18 in S5, 19 in S3A and 17 in S1A, since some subjects 

could not be recorded properly in all the stages due to a poor 

PPG signal quality. 

About the two different pulse decompositions presented 

in this work, the 33,44% of the total number of pulses are 

decomposed in two waves and the 66,56% of the total number 

of pulses are decomposed in three waves. Fig. 4 shows the 

mean and the standard deviation of all the pulses for two 

different subjects, one decomposed in three waves and the 

other in two, in the five stages. The average decomposition in 

Gaussians and lognormals waves is also represented. 

Fig. 5 shows the RC in the amplitude (A1 and A2), the 

position (T1 and T2), the width (W1 and W2) and the area 

(D1 and D2) of the first and second waves of the PPG pulse 

associated with the systolic and the diastolic peaks. The RC 

of the pulse-to-pulse interval (TBB), the time delay between 

both waves (T12), the ratio between the width (W2/W1), and 

the ratio between the areas (D2/D1) are also shown. Results 

showed two different trends. On the one hand, TBB, T2, T12, 

W1 and W2 showed significant differences between the initial 

stages with the final stages, increasing or decreasing their 

value. In these boxplots, there was a significant difference of 

S5, S3A and S1A with the first stage of the protocol, S1D 

(indicated with the asterisks in the lower part of the boxplot). 

Also, in these parameters (except W1), there was a significant 

difference of the last 3 stages with the second one (S3D), 

as the arrows pointed out. On the other hand, T1, A1, A2, 

W2/W1, D1 and D2/D1 reached its minimum or its maximum 

in the deepest stage, S5, with significant differences with stage 

S1D (reflected by asterisks) and the other 3 stages (reflected 

by arrows). 

 
V. DISCUSSION 

In this work, 13 morphological parameters extracted from 

the PPG pulse wave were analyzed to find differences due 

to the effect of the pressure in a database recorded inside a 

was isolated and two waves were extracted from them. The 

first one, related to the systole, was extracted directly from 

the pulse, by concatenating the up-slope from the beginning 

to the maximum with itself flipped horizontally. The second 

wave, related with the diastole, was modelled by a lognormal 

wave whose maximum matched with the maximum associate 

with the diastolic peak. From these two waves, the amplitude, 

the time of their maximum, the width and the area under these 

curves were calculated, together with some ratios, to find out 

if there were changes in these parameters due to the pressure 

or the time spent inside the chamber. 

The main novelty of this work is the algorithm to extract 

two waves related to the systole and the diastole and whose 

peaks match with the systolic and the diastolic peaks, since 

with other methods explained in the literature this goal was 

not reached. The association of decomposed waves to their 

physiological meaning is complicated due to the existence 

of different morphologies, so the same decomposed wave 

could reflect a different physiological phenomenon depending 

on the PPG morphology. Our first approach was to apply 

several algorithms found in the literature that models the PPG 

pulse as a main wave superposed with several reflected waves 

based on different shapes including Gaussians [32], [33], [34], 

lognormals [35], Rayleighs [36] or a combination of them [37], 

[38]. However, the decomposed waves of these models did not 

match with the systolic and diastolic peaks, or the amplitude 

of the waves was not enough to extract amplitude parameters. 

Therefore, this strategy was discarded. The alternative was 

using a pulse decomposition analysis based on extracting the 

waves one-by-one, as the one used in previous works [40], 

[41]. This algorithm obtains three waves using the up-slope 

of the pulse concatenated with itself horizontally flipped and 

it models each wave as a Gaussian. In this database, this 

algorithm fits with the first peak and is able to characterize 

the systolic peak, however, when the first wave is subtracted 

and the residual PPG waveform is obtained, the up-slope of 

this new pulse is usually more abrupt than the down-slope. 

This caused a problem, since with the use of three waves as 

in [40], [41] it was impossible to decompose the entire pulse. 

Therefore, the alternative that we propose in this work is using 

a lognormal wave to characterize the diastolic part of the PPG 

pulse, since its down-slope is smoother than its up-slope and 

this type of curve fits better with the tail of the PPG pulse 

wave. 

In fact, the approximation of modelling each part of the 

PPG pulse separately is not new in the literature, for example 

in [39] the anacrotic and catatrotic phases were modelled 

separately. Once the type of wave to model the diastolic phase 

was established, it was necessary that the maximum peak of 

the residual PPG waveform matched with the diastolic peak. It 

must be noticed that when the wave associated to the systolic 

part is subtracted from the original PPG pulse, then the new 

maximum of the residual PPG waveform is usually found at 

the beginning of the new waveform instead of being in the 

diastolic peak. If this happens, the same algorithm explained 
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Fig. 4. Average pulse waveforms for two subjects in the five pressure stages. The blue lines and shaded areas represent the ensemble average and standard 
deviation, respectively. The average decomposition in two or three waves is also represented: in black, the first Gaussian wave related with the systolic part; 
in green, the second Gaussian wave (if needed); in red, the lognormal wave related with the diastolic part. 

 

for the first wave is repeated one more time in our proposal, 

obtaining a transition second wave. This wave is only used 

in the decomposition process to obtain the pulse wave related 

to diastole and no parameters are extracted for it. Although it 

could include physiological information it’s not considered, as 

this study is focused only on the systolic and diastolic waves. 

Again, the new maximum of the residual PPG pulse (with the 

subtraction of one or two waves if necessary) is located, and 

this value does match with the diastolic peak, so this part can 

be modelled as the diastolic part. The way to determine if this 

maximum belongs to the diastolic peak or not (in other words, 

if the second wave extracted only for subtraction is needed) is 

by setting a temporal threshold: if the temporal location of the 

maximum is higher than the 35% of the pulse wave duration, 

this peak belongs to the diastolic part; if not, the maximum is 

located in the transition part and the second wave is obtained 

and subtracted from the resultant pulse waveform. The 35% 
threshold was selected because left ventricular ejection time 

related with the systole usually lasts less than 35% of the 

pulse wave duration [46]. The establishment of this threshold 

is the other main novelty in this work. Experimentally, it has 

been proven that this threshold, in this population, allows us 

to correctly detect the diastolic peak and it is always reached 

in two iterations of the proposed algorithm at maximum. 

However, in other databases with different type of population 

this threshold could vary. Another possible way to determine 

if the maximum belongs to the diastolic part could be the 

maximum after the dicrotic notch. However, this point is not 

easy to identify in all pulses, so this was the reason to establish 

a temporal threshold. 
 

Once the rest of the PPG pulse related to the diastolic part is 

determined, the resultant pulse can be modelled as a lognormal 

wave, whose amplitude, width, and area characterize the 

diastolic part of the PPG pulse. Therefore, the resultant pulse 

is modelled as a lognormal wave, fitting µ and σ to minimize 

the mean-squared error between the lognormal wave and the 

resulting pulse waveform. The main problem of this type of 

wave is that the end part of the down-slope do not return to the 

zero value, therefore the width and the area under the curve 

were calculated using the 50% of amplitude instead of the 

100%. 

Morphological parameters were extracted from the systolic 

and diastolic waves and the Relative Change (RC) of each 

parameter (YX ) with respect to the reference stage (1D) was 

computed in order to minimize the effects of the inter-subject 

variability. The parameters associated with the systolic peak 

(T1, A1, W1 and D1) showed a significant increase in their val- 

ues when the pressure increased, especially in S5 stage where 

the maximum pressure was reached. This significant increase 

is represented in the boxplots with the arrows between S5 and 

the rest of the stages (S3D, S3A and S1A) and the asterisks 

below S5 box that marked the significant difference with S1D. 

The parameters associated with the systolic peak reflect the 

heart pumping, and they depend on several factors, being the 

systemic vascular resistance and the arterial compliance two of 

the most relevant. A possible explanation of the increase in the 

parameters associated with the systolic peak when the pressure 

increases could be an increase in the vascular resistance, 

which is attributable to a vasoconstriction [27]. This effect was 

explained in a previous work [50], where a vasoconstriction 

was produced due to an increase in the partial pressure of 

oxygen when the pressure increases. This vasoconstriction 

could be related to an activation of the sympathetic system 

of the subject [21]. Furthermore, a reduction in the arterial 

diameter could mean that more time is required for the blood 

to circulate, and therefore it could explain an enlarge in the up- 

slope of the pulse (W1). In the same way, the ratios computed 

(RI, W2/W1 and D2/D1) showed a minimum value in the S5 

stage, with significant differences with the rest of the stages (as 

the arrows and asterisks pointed out), except from RI. In [26], 

they found that the ratio of the two areas, can be used as an 

indicator of total peripheral resistance. The same conclusion 

was found in [23], [24] with the ratio of the amplitude of the 

systolic peak and the diastolic peak of the PPG. Although 

a physiological interpretation of the ratio between the two 

widths was not found in the literature, this ratio points out 
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in the same direction and in the future could also be used as 

an indicator of total peripheral resistance. 

About the parameters related with the diastolic peak (T2, 

A2, W2 and D2), the value of T2 and W2 increased from 

the two first stages to the last three ones (as the asterisks 

for S1D and the arrows for S3D pointed out). Therefore, 

these two parameters were not only affected by the pressure, 

but also by the time spent inside the hyperbaric chamber. 

This dependency with the time could be seen in the pulse- to-

pulse interval (TBB), which increased its value during the 

entire protocol, which implies a decrease in the heart rate. 

This fact had been reported previously in hyperbaric chamber 

studies [8], [9], [10], [11], [12] and in immersion data [6], 

[7]. This dependency with time was also reflected in T12, that 

increased its value in each stage. The time difference between 

systolic and diastolic peaks can be used to infer the transit time 

taken for the PPG wave to propagate along the aorta and large 

arteries to the major sites of reflection in the lower body and 

back to the root of the subclavian artery [48], so an increase 

in T12 could mean a change in PPG pulse contour due to 

a decrease in large artery stiffness when subjects are inside 

an hyperbaric environment. When the heart rate decreased (as 

it did during the protocol), the heartbeat has more time to 

recover and therefore the down-slope of the pulse is larger (as 

T12 showed), thus increasing the width of the diastolic part. 

As a sum up, with the decomposition of the PPG pulse 

using this new algorithm it can be shown a dependency 

with pressure of the parameters of the systolic wave and a 

dependency with the time spent in the hyperbaric chamber of 

the parameters of the diastolic wave. On the one hand, the 

variation in the parameters of the systolic wave could reflect a 

vasoconstriction related with an increase in pressure, probably 

due to an activation of the sympathetic system on the blood 

vessels that increases the systemic vascular resistance [21]. On 

the other hand, the variation of the parameters associated with 

the diastolic part depends on the systemic vascular resistance 

and on an increase in the pulse-to-pulse interval during the 

entire protocol. 

Based on our knowledge, the most similar work to this was 

the one in [50], where alterations in the morphology of the 

PPG were studied inside a hyperbaric chamber. One difference 

among the two studies lies in the separation of the pulses: 

while in [50] the pulse was divided into the anacrotic and 

the catatrotic phases, with the maximum of the PPG pulse 

being the separation of both phases, in this work two waves 

representing the systolic and diastolic peaks were obtained. 

In fact, in [50] the difficulty to estimate the location of the 

dicrotic notch and the diastolic peak was pointed out, so the 

algorithm presented in this work proposed a robust method 

to overcome these difficulties and this methodology gives us 

the opportunity to study some parameters than in the other 

study were impossible to measure, as the amplitude and the 

time instant of the peaks, and the time instant difference or the 

amplitude ratio. Other difference among the studies resides in 

the way to extract the morphological parameters: while in [50] 

they were extracted directly from the pulse, in this study they 

were extracted from the pulse in the first wave and also from 

the lognormal curve that approximates the diastolic wave. This 

change in the form to extract the PPG parameters made that 

they could be computed only at the half maximum in this work, 

while in [50] they were computed both at the half maximum 

and at the base. Looking at the results, in [50] the width of the 

up-slope (similar to W1 here) had a maximum in S3A instead 

of S5, so the dependency with the pressure was not found 

with this parameter. Independently of the methodology used, 

results of both works point out to a vasoconstriction when the 

pressure increases, probably related with an increased vascular 

resistance. This vasoconstriction could be produced by the 

increase in partial pressure of oxygen that occurs inside the 

hyperbaric environments [51]. 

Therefore, this new algorithm allows us to decompose PPG 

pulses in its systolic and diastolic waves, and to extract their 

parameters without the need to correctly locate the dicrotic 

notch in the pulse. Results show a dependency of the systolic 

parameters and the ratios with the pressure and a dependency 

of the diastolic parameters with the time spent inside the 

hyperbaric chamber. However, it must be noticed that subjects 

in this database were young and they have a habit of practicing 

exercise, therefore more studies with other type of population 

and other type of analysis instead of the pressure changes 

must be done to completely validate this new algorithm and 

to verify the experimental threshold of 35% established in 

this work. Also, it would be interesting in a future study to 

analyze the parameters obtained with this decomposition and 

the ones related with the fiducial points and the first and second 

derivatives of the PPG [52], [53] to compare the information 

given by all of them. 

 
VI. CONCLUSION 

In this work, a new methodology to decompose the PPG 

pulse into two waves was presented. The first wave was related 

with the systolic part, with its maximum in the systolic peak. 

The second wave was related to the diastolic part, it was 

modelled by a lognormal curve, adjusting its maximum to the 

diastolic peak. This methodology was applied in a hyperbaric 

chamber database. Results of the parameters related with the 

systolic part and the ratios pointed out to a vasoconstriction, 

probably due to an activation of the sympathetic system on 

the blood vessels, when the pressure increased. Results of 

the parameters related with the diastolic part reflected the 

vasoconstriction but also a dependency with the pulse-to-pulse 

interval. Therefore this methodology offers an alternative to 

extract parameters related to PPG morphology that are able 

to distinguish changes in its waveform, at least in hyperbaric 

environments. 
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”Assessment of relationships between blood pressure, pulse wave velocity 
and digital volume pulse”, Comput. Cardiol., 33, 893-896, 2006. 

[25] S.C. Millasseau, R.P. Kelly, J.M. Ritter, P.J. Chowienczyk, ”Determi- 
nation of age-related increases in large artery stiffness by digital pulse 
contour analysis”, Clin. Sci., 103(4), 371-377, 2002. 

[26] L. Wang, E. Pickwell-MacPherson, Y.P. Liang, Y.T. Zhang, ”Non- 
invasive cardiac output estimation using a novel photoplethysmogramin- 
dex”, Annu. Int. Conf. IEEE Eng. Med. Biol. Soc., 1746-1749, 2009. 

[27] A.A. Awad, A.S. Haddadin, H. Tantawy, T.M. Badr, R.G. Stout, D.G. 
Silverman, K.H. Shelley, ”The relationship between the photoplethys- 
mographic waveform and systemic vascular resistance”, J. Clin. Monit. 
Comput., 21(6), 365-372, 2007. 
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Tipo test Etapa S3D S5 S3A S1A

T Test S1D 8.95*E-7 3.42*E-5 5.20*E-9 7.12*E-8

S3D 0.162 1.73*E-5 8.45*E-4

S5 3*E-4 0.033

S3A 0.897

S1A

Tipo test Etapa S3D S5 S3A S1A

T Test S1D 0.669 0.048 0.44 0.788

S3D 0.018 0.059 0.439

S5 0.033 0.041

S3A 0.071

S1A

Tipo test Etapa S3D S5 S3A S1A

Wilcoxon Test S1D 0.002 0.001 0.004 0.004

S3D 0.157 0.346 0.796

S5 0.593 0.989

S3A 0.439

S1A

Tipo test Etapa S3D S5 S3A S1A

Wilcoxon Test S1D 0.223 0.006 0.717 0.326

S3D 0.018 0.345 0.796

S5 0.033 0.044

S3A 0.071

S1A

ANOVA Test 

with Bonferroni 

correction

Friedman Test 

with Bonferroni 

correction

TBB

A1

W1

Friedman Test 

with Bonferroni 

correction

D1

Friedman Test 

with Bonferroni 

correction

Supplementary Material



Tipo test Etapa S3D S5 S3A S1A

Wilcoxon Test S1D 0.023 0.003 0.013 0.012

S3D 0.005 0.006 0.071

S5 0.782 0.564

S3A 0.197

S1A

Tipo test Etapa S3D S5 S3A S1A

T Test S1D 0.465 0.043 0.865 0.455

S3D 0.018 0.346 0.439

S5 0.109 0.045

S3A 0.071

S1A

Tipo test Etapa S3D S5 S3A S1A

T Test S1D 0.335 0.365 0.001 0.002

S3D 0.578 0.006 0.004

S5 0.141 0.036

S3A 0.125

S1A

Tipo test Etapa S3D S5 S3A S1A

T Test S1D 0.307 0.04 0.445 0.171

S3D 0.157 0.637 0.439

S5 0.285 0.96

S3A 0.071

S1A

T1

A2

W2

Friedman Test 

with Bonferroni 

correction 

Friedman Test 

with Bonferroni 

correction

ANOVA Test 

with Bonferroni 

correction

D2

Friedman Test 

with Bonferroni 

correction



Tipo test Etapa S3D S5 S3A S1A

T Test S1D 0.141 0.001 0.001 0.001

S3D 8.54*E-4 0.002 0.001

S5 0.98 0.96

S3A 0.021

S1A

Tipo test Etapa S3D S5 S3A S1A

T Test S1D 0.22 0.739 0.106 0.098

S3D 0.45 0.072 0.489

S5 0.066 0.979

S3A 0.719

S1A

Tipo test Etapa S3D S5 S3A S1A

T Test S1D 0.078 0.043 0.541 0.558

S3D 0.039 0.075 0.229

S5 0.008 0.05

S3A 0.669

S1A

Tipo test Etapa S3D S5 S3A S1A

T Test S1D 0.391 0.168 0.488 0.946

S3D 0.637 0.018 0.071

S5 0.001 0.021

S3A 0.796

S1A

T2

RI

W2/W1

Friedman Test 

with Bonferroni 

correction

ANOVA Test 

with Bonferroni 

correction

ANOVA Test 

with Bonferroni 

correction

D2/D1

Friedman Test 

with Bonferroni 

correction



Tipo test Etapa S3D S5 S3A S1A

T Test S1D 0.897 0.007 6*E-4 0.001

S3D 0.008 0.004 0.001

S5 0.98 0.004

S3A 0.054

S1A

T12

Friedman Test 

with Bonferroni 

correction


