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Effect of Filtering of Photoplethysmography Signals in Pulse Rate
Variability Analysis*

Elisa Mejia-Mejia!, James M. May?, Member, IEEE, and Panayiotis A. Kyriacou®, Member, IEEE

Abstract—Due to the widespread use and simplicity of
photoplethysmography (PPG) signals, and because this signal
contains information related to pulse rate, several studies have
started to propose the use of Pulse Rate Variability (PRV) for
the assessment of cardiovascular autonomic nervous activity,
instead of using Heart Rate Variability (HRV) obtained with
the electrocardiogram (ECG). However, there is a lack of
standardisation and guidelines for the measurement of PRV
from PPG signals, which might hinder comparability among
studies and validation of results. The aim of this study was
to evaluate different digital filters on PPG signals and their
effects on PRV information, compared to HRV obtained
from ECG. PPG and ECG signals obtained from healthy
volunteers were used to measure HRV and PRV. PPG signals
were filtered using different FIR and IIR digital filters, with
several cut-off frequencies. The results indicate that filtering
PPG signals using IIR filters and lower low-cut-off frequencies
allow for the acquisition of more reliable PRV information,
with lower Bland-Altman ratios and higher cross-correlations
when compared to HRV. This is a first step in establishing
guidelines and standards for the analysis of PRV information
using PPG signals.

Clinical relevance— Pulse rate variability might be a useful
tool for the assessment of the cardiovascular autonomic nervous
system. This study is the first step for establishing standards of
measurement of this signal, which helps in the comparability
and validation of the technique.

I. INTRODUCTION

Heart rate variability (HRV) describes the changes in heart
rhythm through time, and is considered as a noninvasive,
indirect marker of cardiac autonomic activity [1]. HRV has
been related to several cardiovascular conditions [2], mental
health [3] and emotional states [4], among other applications.
HRV is usually assessed using electrocardiograms (ECG)
by measuring instantaneous changes in the duration of R
to R intervals (RRIs) [5] and standards of measurement
have been established in order to allow comparability among
studies [6]. Nonetheless, the acquisition and processing of
ECG signals is not always feasible in a continuous manner
and may limit HRV applications for daily monitoring of
cardiac autonomous nervous system (ANS). Hence, several
studies have aimed to obtain HRV information from other
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physiological signals, such as photoplethysmography (PPG)
signals.

PPG is a low-cost, noninvasive, optical measurement tech-
nique which detects changes in blood volume in peripheral
tissue [7]. Since it is easily acquired and allows for a
nonintrusive, continuous monitoring of pulse rate, PPG has
been widely used in clinical and consumer devices, such as
wearables, for the assessment of pulse changes and to obtain
an HRV related variable known as Pulse Rate Variability
(PRV) [9]. PRV has been derived from PPG for the analysis
of cardiovascular ANS changes, and for the identification
of different conditions, such as the presence of mental or
somatic diseases [9]). Nonetheless, although PRV has been
treated as a valid surrogate of HRYV, its relationship is not
entirely clear, and PRV has been found to significantly
differ from HRV under certain circumstances [8], [10]).
Some studies have concluded that these differences may
be explained from the different nature of PPG and ECG
signals, and physiological factors that may affect PRV and
HRV differently [8], [9]). However, technical aspects of the
analysis of PPG signals for the assessment of PRV informa-
tion may have a role in explaining the differences between
HRV and PRV [14]. Moreover, there is a need of establishing
guidelines and standards for the analysis of PRV information
from PPG in order to increase the comparability of the results
obtained from different studies. Therefore, the aim of this
study was to evaluate the differences among PRV information
obtained from PPG signals processed with different digital
filters and using several cut-off frequencies. PRV features
were compared to ECG-obtained HRV indices as a gold-
standard measurement, although differences between PRV
and HRV were expected due to physiological factors.

II. MATERIALS AND METHODS
A. Data acquisition

PPG and ECG signals were acquired from thirty-four
healthy volunteers (14 men, 34.2 £+ 7.21 years old, and
20 women, 34.94 + 7.15 years old), as explained in [11].
The subjects were employees from a university in Medellin,
Colombia, and were randomly selected and invited to take
part in the study. Subjects with a history of mental or
cardiovascular illness, and those who suffered insomnia in
the week before the study, suffered any recent major physical
or mental stress, or were undergoing any pharmacological
treatments at the time of the study, were excluded.

Each participant of the study was asked to attend a 20-
min test and signed an informed consent for participation in
the study, which was approved by Universidad CES’s Ethics



Committee. During the test, the subject was connected to a
signal acquisition system (g.USBamp, Guger Technologies,
Austria). ECG and PPG signals were acquired and sampled
at 512 Hz. Signals were stored in a personal computer
for further analyses. ECG was obtained using skin-contact
electrodes in a lead I configuration, whereas PPG was
measured using a standard probe located on the forefinger of
the nondominant hand. ECG and PPG signals were filtered
by the g.USBamp with a band-reject, high-quality notch 60-
Hz filter, and with bandpass filters with cutoff frequencies
of 0.1 and 60 Hz, and 0.1 and 30 Hz, respectively.

The 20-min test was divided into four 5-min stages. The
first stage of the test was a baseline measurement stage,
in which subjects were seated comfortably and held their
hands over a table, almost at heart level. Subjects were
asked to refrain from talking or moving as much as possible
during this time. The second and third stages of the test
consisted of laboratory-induced stress tasks, while during the
last stage subjects were asked to breath following a slow,
deep breathing pattern. For this study, only data acquired
during the first stage of the test were considered due to the
effects mental stress and deep breathing can have in PRV
and HRYV, and their relationship [9].

B. Signal processing

1) Design and application of filters: Several filters were
designed in MATLAB® for the processing of PPG signals.
Filters were designed for the combination of different low
(fejow) and high (fe pign) cutoff frequencies. f. o, were
selected as 0, 0.5, 1 and 2 Hz, while f; o, were 5, 8, 10,
12 and 15 Hz. Table I summarises the different parameters
used for the design of these filters. ECG signals were filtered
with a bandpass, 4th order, Butterworth filter with cutoff
frequencies at 0.5 and 35 Hz. All filters were then applied to
the original PPG and ECG signals using zero-phase digital
filtering.

2) Pulse and heart rate variability analysis: The inter-
section point between the tangent lines crossing the point
of maximum slope and the valley of the pulse waveform
was used as fiducial point for segmenting the cardiac cycles
from the PPG signals (Fig. 1(b)). This has been suggested as
a more reliable indicator of cardiac cycles than other fiducial

TABLE I
FILTERS DESIGNED FOR THE PROCESSING OF
PHOTOPLETHYSMOGRAPHIC SIGNALS

Filter Design Order PB SB
type method ripple | ripple
(dB) (dB)
FIR Hanning window | 512 - -
Parks-McClellan 1667 (fe,ow = 0.02 60
0, 1 and 2 Hz),
1684 (fc,low =
0.5 Hz)
Butterworth N z
IR —Effipic 4 (LPF), 2 (BPF) 55 20

FIR: Finite impulse response. IIR: Infinite impulse response. PB:
Passband. SB: Stopband. LPF:Low-pass filter. BPF: Bandpass filter.
Jejow: Low cut-off frequency.
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Fig. 1. Example of (a) the measurement of Heart Rate Variability from
the R peaks of the electrocardiogram, and (b) the assessment of Pulse Rate
Variability from the intersection points between the tangent lines crossing
the maximum slope point and the valley of the photoplethysmogram.

points [12]. The interbeat intervals (PPs) were measured
as the time difference between consecutive fiducial points.
RRIs were obtained from ECG signals using the algorithm
described by Pan and Tompkins [13], as is shown in Fig.
1(a). Outliers were detected and replaced with the median
value of duration in both cases. Time- and frequency-domain
indices, and nonlinear features for PRV and HRV analysis
were extracted. Frequency-domain analysis was performed
applying the fast Fourier transform (FFT) after interpolating
the PPs or RRIs time series using a 4 Hz sampling rate and a
cubic spline. The extracted time-domain indices were AVNN,
SDNN, RMSSD and pNN50. From frequency-domain analy-
sis, LF, HF, nLF, nHF, and LF/HF were obtained. Nonlinear
indices obtained were SD1, SD2, SD1/SD2 from Poincaré
plot, sample entropy (SampEn) and multi-scale entropy
(MSE), and ; and oy from Detrended Fluctuation Analysis
(DFA).

C. Statistical analysis

The maximum cross-correlation value between HRV and
each PRV time series were obtained to evaluate the cor-
relation between HRV and PRV, when PRV is measured
from PPG signals processed using the different filters. Also,
Bland-Altman analysis of agreement was used to assess
the agreement between HRV and PRV indices. From these
analyses, a ratio (BAR) was measured as described in [10].
Agreement was considered as good (BAR < 10%), moderate
(10% < BAR < 20%) or insufficient (BAR > 20%).

III. RESULTS

Figure 2 shows the absolute value of the maximum cross-
correlation values obtained from comparing HRV and PRV
time series. Results from the Bland-Altman analysis for each
extracted index are shown in Figures 3 to 6.
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Fig. 2. Mean value of the absolute maximum cross-correlation coefficients
(|p|) obtained when comparing Heart and Pulse Rate Variability time series,,
after filtering photoplethysmographic signals with different cut-off frequen-
cies and different filter designs. Applied filters were Hanning window FIR
filter (blue circles), Parks-McClellan FIR filter (orange squares), Butterworth
IIR filter (yellow stars), and elliptic IIR filter (purple triangles).

IV. DISCUSSION

PRV, measured from the intervals between consecutive
pulse cycles detected in pulse waves such as the PPG, has
been proposed as an alternative measurement from HRV
[9], which has been used as a non-invasive marker of
cardiac autonomic activity, due to the effects sympathetic
and parasympathetic activity have on the control of heart
rhythm [5], and which is measured from the intervals be-
tween consecutive R peaks identified in the ECG signal. The
relationship between PRV and HRV is not straightforward,
and the use of PRV as a surrogate of HRV is still under
debate [8], [9]. Nonetheless, the assessment of cardiovascular
autonomic activity from PRV obtained using PPG signals is
expected to be a popular tool for the identification of different
events related to cardiovascular and mental health using
wearable devices, due to the widespread use and simplicity of
PPG technology [15]. Hence, standardising the methodology
for PRV extraction from pulse waves, specifically PPG, is a
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Fig. 3.  Bland-Altman ratio for the comparison between time-domain

indices extracted from Heart and Pulse Rate Variability, after filtering pho-
toplethysmographic signals with different cut-off frequencies and different
filter designs. Applied filters were Hanning window FIR filter (blue circles),
Parks-McClellan FIR filter (orange squares), Butterworth IIR filter (yellow
stars), and elliptic IIR filter (purple triangles).
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Fig. 4. Bland-Altman ratio for the comparison between frequency-
domain indices extracted from Heart and Pulse Rate Variability, after
filtering photoplethysmographic signals with different cut-off frequencies
and different filter designs. Applied filters were Hanning window FIR filter
(blue circles), Parks-McClellan FIR filter (orange squares), Butterworth IIR
filter (yellow stars), and elliptic IIR filter (purple triangles).

significant factor in order to facilitate comparisons between
studies and validation of results. In this study, the aim was
to analyse the effects of different digital filters applied on
the PPG signal for the assessment of PRV information. The
application of filters in the PPG signal is essential to improve
the signal-to-noise ratio (SNR) of the signal, which tends to
be low due to the multiple artifacts that may affect the signal
[16]. However, these filters may generate changes in the
PPG waveform that could affect the identification of fiducial
points from the signal and, hence, affect the reliability of the
PRV information.

From the obtained results, it can be observed that HRV
and PRV series tended to show a better cross-correlation
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Fig. 5. Bland-Altman ratio for the comparison between Poincaré plot
indices extracted from Heart and Pulse Rate Variability, after filtering pho-
toplethysmographic signals with different cut-off frequencies and different
filter designs. Applied filters were Hanning window FIR filter (blue circles),
Parks-McClellan FIR filter (orange squares), Butterworth IIR filter (yellow
stars), and elliptic IIR filter (purple triangles).



SAMPEN

e 1
WV gy g Sy g 31

0 L L
MSE

BAR (%)

W a—a—pa—

BAR (%)

sof bt—a—u g 4

o
>
'
|

o

(015
(012
(010

(08
[0.5
(215
2.2
1210

28

[0.5,15]
[0.5,12]
[0.5,10]
[05
05,5

Cut-off frequencies (Hz)

Fig. 6. Bland-Altman ratio for the comparison between entropy and
detrended fluctuation analysis indices extracted from Heart and Pulse Rate
Variability, after filtering photoplethysmographic signals with different cut-
off frequencies and different filter designs. Applied filters were Han-
ning window FIR filter (blue circles), Parks-McClellan FIR filter (orange
squares), Butterworth IIR filter (yellow stars), and elliptic IIR filter (purple
triangles).

when lower f ., tends to zero, while changing f nign
does not have a very remarkable effect. Similarly, BAR’s
showed a better agreement between HRV and PRV indices
when PRV is measured from PPG signals filtered using
lower f. . Regarding the different filter designs studied,
it can be observed that the cross-correlation between time
series and the agreement between indices is better when
using IIR filters, even for lower f; . This might be due
to the passband ripple, which might alter the location of
the fiducial points, or due to the larger orders of the FIR
filters. Other studies have aimed to understand the effects of
digital filtering on PRV. Akar et al concluded that using a
Butterworth filter and a nonlinear weighted Myriad filter did
not have a significant difference on PRV analysis [14]. Kim
and Ahn evaluated the effects of Butterworth and elliptic
filters for the assessment of PRV from PPG signals, and
concluded that there were no significant differences between
HRV and PRV time series, although small differences were
observed in some extracted indices [17]. The results obtained
in this study have a similar trend, although it is evident
that using IIR filters might improve the performance of
PRV extraction, especially for higher values of low cut-
off frequencies. Also, even if Butterworth and elliptic filters
have similar behaviour, indices extracted from PRV obtained
from PPG signals filtered using elliptic filters tend to show
slightly lower BAR’s and higher cross-correlation than those
filtered using Butterworth filters. Hence, the use of these
filters is recommended for PRV analysis, especially when
higher f. ;. needs to be used. This study presents some
limitations that need to be considered for the analysis of
the results. Firstlyy, PPG and ECG signals were sampled
using a 512 Hz, which might not be ideal for PRV and
HRYV analysis. Nonetheless, using these sampling rate should
suffice specially for the detection of PPG fiducial points.

Secondly, PRV was compared to HRV, and these signals are
not necessarily the same. However, they were measured from
healthy, young, and resting subjects, which might diminish
the differences between HRV and PRV [8], [9]. Finally, the
sample size is small for the establishment of guidelines, and
more studies should aim to prove the results obtained in this
study using a larger data set.
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