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Abstract— The heart rate variability (HRV) is a commonly

used method to quantify the sympathetic and the parasympa-
thetic modulation of the heart rate. HRV is mainly conducted
on electrocardiograms (ECG). However, the use of photo-
plethysmography (PPG) as a marker of the autonomic tone is
emerging. In this study we investigated the feasibility of deriving
pulse rate variability (PRV) using PPG signals recorded by a
reflectance PPG sensor attached to the chest bone (sternum)
and comparing it to HRV. The recordings were conducted on 9
healthy subjects being in a relaxed supine position and under
forced respiration, where the subjects were asked to breathe
following a visual scale with a rate of 27 breaths/min.
HRYV parameters such as the mean intervals (meanNN), the
standard deviation of intervals (SDNN), the root mean square of
difference of successive intervals (RMSSD), and the proportion
of intervals differing more than 50 ms (pNN50) were calculated
from the R peak-to-R peak (R-R) and pulse-to-pulse (P-P)
intervals. In the frequency domain the low and high frequency
ratio of the power spectral density (LF/HF) was also computed.
The Pearson correlation coefficient showed significant correla-
tion for all the parameters (r > 0.95 with p < 0.001) and the
Bland-Altmann analysis showed close agreement between the
two methods for all the parameters during resting and forced
respiration condition. Thus, PRV analysis using sternal PPG
can be an alternative to HRV analysis on healthy subjects at
rest.

I. INTRODUCTION

The heart rate variability (HRV) obtained from elec-
trocardiographic (ECG) recordings is a commonly used
method that reflects the balance between sympathetic and
parasympathetic modulation of the heart rate [1]. HRV is
used in many clinical areas especially in the research of
diabetes, cardiovascular diseases, and stress management [1].
Predominance of sympathetic activity and reduced parasym-
pathetic cardiac control have been seen in patients with acute
myocardial infarction [2]. As a complication of diabetes
mellitus, autonomic neuropathy occurs and this often affects
the autonomic control of the heart. Pontet et al. [3] reported
that a depressed autonomic modulation may be an early
indication of deterioration of septic patients in the intensive
care unit. This finding was confirmed by Barnaby et al.
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[4] and in addition they reported that HRV may predict
significant morbidity and mortality rates for septic patients
in the emergency department.

Currently, HRV parameters are derived by analysis of the
temporal relationship between successive heart beats (R-R
intervals) in the ECG signal. From these intervals we can
compute time and frequency domain, and nonlinear dynamics
analysis to extract features to assess the autonomic nervous
system (ANS) modulation of the heart rate [1].

A wide range of studies have investigated the use of Pho-
toplethysmography (PPG) to quantify the cardiac autonomic
tone as an alternative to ECG. PPG is a low-cost noninvasive
optical technique for monitoring beat to beat relative blood
volume changes in the microvascular bed of peripheral
tissues [5]. The PPG signal contains two components; a small
pulsatile component (AC), which corresponds to arterial
pulsations from the cardiac cycle. The AC component is
superimposed onto a large quasi-DC component that relates
to the optical character of the underlying tissue, the ambient
light, and the average blood volume. The DC component also
varies due to respiration [6]. The morphology of the PPG
signal is useful for the study of autonomic control of the
peripheral vascular tone [5]. In fact, Wong et al. [7] reported
that the PPG signal might have an additional information
in regards to cardiac autonomic tone compared to the ECG,
because the peripheral vasculature is also modulated by the
ANS. The physiological information derived from the R-R
intervals can also be derived from the pulse-to-pulse (P-P)
intervals of the PPG signal. Studies on pulse rate variability
(PRV) have been conducted on the peripheral location of
the body, mainly at the fingertip and the earlobe using a
traditional pulse oximetry probe [8]. Lu et al. [9] have shown
that PRV obtained from a finger can be used as surrogate
for HRV. However, Wong et al. [7] reported the opposite
finding and reported that it could be due to the pulse wave
modification in the arterial system. Constant and colleagues
[10] conducted a study on pulse wave recordings on the 3rd
finger of the right hand, and showed that the PRV did not
precisely reflect HRV in healthy subjects.

In the literature there is a lack of results about the influence
of sensor location, when extracting HRV parameters using
the PPG. However, Johnston et al. [11] and Schafer et al.
[12] reported that an approach to place a PPG sensor on a
more central location could be beneficial for the assessment
of the cardiac autonomic tone. To our knowledge the PRV
has not been investigated at the sternum. Thus, in this study
we examine whether the PRV at the chest bone (sternum)
can be used as a marker of the cardiac autonomic tone when
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Fig. 1. Placement of the PPG sensor on the sternum. For this controlled
experiment the sensor is positioned using adhesive tape.

comparing to traditional HRV in healthy subjects at rest and
under paced respiration.

II. METHODS & MATERIALS
A. Data acquisition

A group of 9 healthy volunteers (8 males, 1 female)
with mean age of 41.1+11.7 years and a mean Body Mass
Index of 24.743.2 kg/m? were recruited for this preliminary
study. The Danish Law and the Helsinki Declaration does
not require a clinical protocol for this setup. The room
temperature was 20 — 22 °C. A novel infrared reflective PPG
prototype sensor was used to obtain the PPG signals. The
sensor was positioned on the skin over the sternum with
adhesive tape, cf. Fig 1. ECG electrodes were attached to the
subject and used to record standard lead-II ECG signals. All
analog signals were collected simultaneously and digitized
with a sampling rate of 1000 Hz (Powerlab 8/35, 16 bit ADC,
ADInstruments, USA) and stored on a laptop computer using
Lab Chart 7 Pro (Lab Chart Version 7.3.7, ADInstruments,
USA) as data acquisition software. For each subject being in
supine position 10 min recordings has been conducted under
natural respiration and under paced respiration frequency of
27 breaths/min. However, a 5 min segment of each recording
was used for HRV analysis. The analysis was computed using
MATLAB (MATLAB R2012b, The MathWorks, Inc., USA).

B. Heart rate and pulse rate analysis

Prior to the extraction of R-R and P-P intervals, the
ECG signals were bandpass filtered using a second order
Butterworth filter with cut-off frequencies of 0.05 Hz and
40 Hz. As for the PPG signals the cut-off frequencies were
0.05 Hz and 15 Hz. The QRS detection was performed using
Pan and Tompkins QRS detection algorithm [13]. The R-R
intervals were extracted from the located R peaks. As for the
PPG signals, the systolic peaks were located using a custom
made peak detection algorithm, cf. Fig. 2. The systolic peaks
were then used to produce the P-P intervals. Fig. 3, shows a
P-P and R-R interval from one of the subjects.

To compare the HRV and PRV methods, the commonly

used time and frequency domain parameters were computed
according to the standard definitions of HRV parameters [1].
As for the time domain parameters, the mean value of the
R-R and P-P intervals (mean NN), the standard deviation
of NN intervals (SDNN), the square root of the mean of
the squares of differences between successive NN intervals
(RMSSD), and the pNNS50, which is the proportion of
differences of successive intervals differing more than 50 ms
was calculated. Prior to the frequency domain calculations
the R-R and P-P intervals were resampled at 4 Hz and cubic
spline interpolated [1]. From the power spectrum density
the normalized low frequency (LF) power (0.04-0.15 Hz),
the normalized high frequency (HF) power (0.15-0.4 Hz),
and the LF/HF ratio has been computed. The time domain
parameters are related mostly with the overall variability of
the heart rate. The LF components represents the sympathetic
and parasympathetic tones, while the HF components is more
related to parasympathetic modulation.

C. Statistics

The Pearson correlation coefficient was used to correlate
the calculated parameters derived from the ECG and PPG
respectively. In addition the lower and the upper limits of
agreement (LOA) and the mean system bias between the
two methods is compared using a Bland-Altman analysis.
Furthermore, the mean squared error is computed between
the values of the HRV parameters derived from the R-R and
P-P intervals.

III. RESULTS

Fig. 2 shows a 10 seconds segment of a typical recording.
The upper graph represents the PPG signal and the lower
represents the ECG signal. Fig. 3, shows a time series of
R-R and P-P intervals derived from the PPG and the ECG
respectively. For all subjects the derived parameters obtained
from PRV and HRV are represented in Table I. All the
computed parameters derived from the PRV had correlation
coefficients of > 95% (p <0.001) when compared to HRV.
The error analysis showed insignificant differences between
the parameters derived from the two methods (p <0.05). The
Bland-Altmann analysis showed close agreement between
the parameters derived from ECG and PPG. During natural
respiration the average system bias for the mean NN interval
was -0.03 ms and the lower and upper LOA was -0.561 ms
and 0.501 ms respectively, cf. Fig. 4. As for the LF/HF ratio,
the average system bias was -0.0064 ms and the lower and
upper LOA was -0.27 ms and 0.25 ms respectively as seen
in Fig. 5. Similarly, high degree of agreement was found for
the rest of the parameters under natural respiration. During
forced respiration the average system bias increased in the
same direction for all parameters. It is also seen in Table I,
that the LF/HF ratio increased from 1.045 to 2.99 for HRV
and from 1.05 to 2.76 for PRV.

IV. DISCUSSION

The results of this study clearly showed a close agreement
between the HRV parameters derived from the PPG signals
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TABLE I

THE TIME AND FREQUENCY DOMAIN PARAMETERS, CORRELATION COEFFICIENTS AND BLAND-ALTMANN ANALYSIS DERIVED FROM P-P AND R-R

INTERVALS RESPECTIVELY.

Parameters HRV PRV Bias Lower Upper Correlation  Absolute
(Mean+SD) (Mean+SD) LOA LOA coefficient error
£ Time domain:
= Mean NN (ms) 1011.49+£133.95  1011.52+133.86 -0.03 -0.56 0.5 0.999 0.000
‘& SDNN (ms) 63.25+34 63.43+£34.58 -0.178 -2.50 2.15 0.999 0.0028
] RMSSD (ms) 50.514+41.23 50.64+41.58 -0.132 -5.79 5.53 0.998 0.0026
E pNNS50 (%) 21.014£23.65 20.97+£23.27 0.041 -5.86 5.94 0.993 0.0019
g Frequency domain:
Z LF/HF 1.045+0.61 1.05+0.65 -0.0064  -0.27 0.25 0.98 0.006
g Time domain:
g Mean NN (ms) 953.34+111.86 953.48+£112 -0.13 -1.35 1.07 0.999 0.000
‘& SDNN (ms) 51.68+23.6 54.744+23 -3.07 -9.09 2.96 0.992 0.056
] RMSSD (ms) 45.12432.8 53.78+35.68 -8.65 =232 5.89 0.98 0.16
32 PNNS0 (%) 22.5421.7 29.45+24.62 -6.93 8.83 -22.69 0.95 0.24
g Frequency domain:
= LF/HF 2.99+1.86 2.76+1.68 0.23 -0.89 1.35 0.95 0.08
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Fig. 2. A characteristic block of signals: (a) The sternal PPG signal. Note
the signal waveform is inverted, upside deflection represents the systole. (b)

the ECG signal. The circular markers corresponds to the detected peaks.

P-P intervals

Mean NN interval (ms)

Fig. 4. Bland-Altman plot of the Mean NN derived from the sternal PPG

signal and the Mean NN derived from the ECG signal. The majority of
points are close to zero and within the 95% confidence interval showing a

g 1000 close agreement between the two methods.
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Fig. 3. Comparison of the (a) P-P interval derived from the sternal PPG Mean LE/HF ratio

signal and (b) R-R interval derived from the ECG signal.

and the ECG signals on a healthy group of subjects at rest
and under forced respiration. Although, the average system

Fig. 5. Bland-Altman plot of the LF/HF ratio derived from the sternal PPG
signal and the LF/HF ratio derived from the ECG signal. The majority of

bias increased between the parameters derived from PRV and
HRYV, the absolute values changed in the same direction as
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seen in Table I. The LF/HF ratio derived from PRV increased
during forced respiration, confirming that the change in the
autonomic tone was also reflected in the PRV as it did in
the HRV. The sternal PPG sensor is reliable for recording a
PPG signal from, which HRV parameters can be derived, at
least in healthy subjects at rest. The morphology of the PPG
signal acquired at the sternum has also a clear systolic, end-
diastolic and diacrotic notch as seen in Fig. 2. This might be
useful for different types of pulse wave analysis since other
clinically relevant features may be extracted. As explained
in the introduction, recent studies have reported that the use
of PPG recordings might be a more convenient method for
the measurement of HRV in clinical environments and for
ambulatory recordings than ECG. However, there has been
a difference in the accuracy between the PRV derived from
finger PPG and HRV both at rest and during physical and
mental tasks [12]. Furthermore, there is a clear uncertainty
regarding the measuring site [12].

We suggest that the reason behind the close agreement of
both methods in our study is the proximal measuring site
relative to the heart. This is in agreement with Johnson and
Mendelson [11], who reported similar correlations between
heart rate intervals derived from ECG and reflective forehead
PPG. Our findings are also in agreement with [14], who
reported high accuracy between the two methods when
measuring on the earlobe. Although, the PPG also reflects the
cardiac rhythm, the pulse wave and the heart rate are different
by nature. The ECG signals are electrical signals originating
from the SA node, while the pulse waves are mechanical
signals mainly measured in the periphery. The blood vessels
can be considered as transmission lines rather than a (rigid)
pipe system. So when the pulse waves propagate from the
heart to the periphery it undergoes significant changes in the
arterial system due to for example the ANS modulation on
the blood vessels and the viscosity of the blood. These factors
will impact the pulse waveform, resulting in difference
between the HRV and PRV. We expect that most of these
factors are minimal when measuring at the sternum because
of the relative location to the heart. However, it is worth to
notice the change in the average system bias and limits of
agreements when the subjects were asked to breathe with a
rate of 27 breath/min.

It is known that motion artifacts impact PPG signals [5].
Therefore, future perspectives are to examine the correla-
tion between the HRV and the PRV parameters in more
demanding conditions like; during different body motion; in
different postural positions and in long-term recordings. This
can be useful in sleep studies. Additionally, elderly people
who suffer from cardiovascular diseases might also be an
interesting group to examine the similarities between the two
approaches.

The concept of PPG and pulse oximetry at the sternum
is has been demonstrated recently by [15]. Our findings
showed that the parasympathetic and sympathetic autonomic

modulation of the heart rate can be measured from PRV
analysis using sternal PPG on a healthy group of subjects
at rest. Thus, being able to monitor these physiological
parameters using a low-cost sternal PPG sensor will simplify
many aspects of monitoring systems.
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