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Background: Heart rate variability (HRV) and pulse rate variability (PRV) measures are
two kinds of physiological indices that can be used to evaluate the autonomic nervous
function of healthy subjects and patients with various kinds of illness.

Purpose: In this study, we compared the agreement and linear relationship between
electrocardiographic signals (ECG)-derived HRV and photoplethysmographic signals
(PPG)-derived right hand PRV (R-PRV) and left hand PRV (L-PRV) measures in 14
patients over 1 year after coronary artery bypass graft (CABG) surgery.

Method: The ECG and PPG signals of the patient were recorded simultaneously for
10min in a supine position. The last 512 stationary RR intervals (RRI) and peak-to
peak intervals (PPI) of pulse wave were derived for data analysis. Bland-Altman plot
was used to assess the agreement among HRV and both hand PRV measures, while
linear regression analysis was used to examine the relationship among corresponding
measures of HRV, R-PRYV, and L-PRV.

Result: The results revealed significant differences in total power (TP), very
low-frequency power (VLF), low-frequency power (LF), high-frequency power (HF), and
normalized VLF (VLFnorm) among HRV, R-PRV, and L-PRV. Bland-Altman plot analysis
showed good agreements in almost all measures between R-PRV and L-PRYV, except
insufficient agreement was found in LF/HF. Insufficient agreements were found in root
mean square successive difference (RMSSD), normalized HF (HFnorm), and LF/HF
indices between HRV and L-PRV, and in VLFnorm, HFnorm, and LF/HF indices between
HRV and R-PRYV. Linear regression analysis showed that the HRV, R-PRYV, and L-PRV
measures were all highly correlated with one another (r = 0.94 ~ 1; p < 0.001).
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Conclusion: Though PRV measures of either hand are not surrogates of HRV measures,
they might still be used to evaluate the autonomic nervous functions of CABG patients
due to the moderate to good agreements in most time-domain and frequency-domain
HRV measures and the strong and positive correlations among HRV and both hands
PRV measures in CABG patients.

Keywords: autonomic nervous modulation, heart rate variability, pulse rate variability, coronary artery bypass graft,

photoplethysmographic assessment

INTRODUCTION

Heart rate (HR) variability (HRV) refers to the fluctuation
of HR responses around the mean HR. The underlying
mechanisms to modulate cardiac-related activation are related
to autonomic nervous activities and other physiological system
regulations (1-3). The temporal and spectral components of
HRV can be used to identify the sympathovagal interaction in
various pathophysiological conditions, such as acute myocardial
infarction (4, 5), prediction of morbidity and mortality (6),
identification of septic patients in the intensive care unit (7),
and prediction of severity for septic patients in the emergency
department (8).

In clinical practice, the health practitioners frequently
use palpation technique to determine the pulses rate (PR)
of the patients. Recently, wearable devices are frequently
used to facilitate PR evaluation for health monitoring.
For example, smartwatches and smartphones with built-in
photoplethysmographic (PPG) sensors have been extensively
used to evaluate the daily change in cardiovascular responses (9).
These biomarkers can be further applied to clinical diagnosis,
e-health management, and exercise adaptation (10). Thus,
PPG assessment of pulse provides convenient and friendly
facilitation to monitor cardiovascular health in general and
clinical populations.

The PPG detection from different body regions has been
reported in recent HRV and PR variability (PRV) studies
(11, 12). However, this alternative use of HRV and PRV to
assess cardiac-related health is controversial. Previous studies
comparing measures between blood pressure waveforms and
HRV demonstrated that both methods were reliable to assess
cardio-related changes in sympathovagal interaction (13, 14). In
a clinical study, moderate to good agreement between HRV and
PRV during 1 min deep breath controlled at 6 times per minute
and a standard 5min short-term record has been reported in
clinical patients with gynecological and pain medicine practice
(15). Conversely, a discrepancy between PRV and HRV measures
has been reported in cold exposure (11), spectral analysis (16),
during obstructive sleep apnea events (17), and healthy subjects
(18). The discrepancy between HRV and PRV measures is related
to the blood contents and the structure of the radial artery
on the arterial pulse wave propagation (19). The difference in
experimental conditions might also play a role, such as ambient
temperature (20), respiratory control (21), body position (22).

Pathological studies have shown that patients after coronary
artery bypass graft surgery (CABG) have significantly reduced

sensitivity in HRV modulation (23). Thus, the HRV assessment
can be used to do risk stratification and to monitor the recovery
of cardiac health after CABG surgery. However, conventional
ECG recording may not be obtainable in CABG patients during
home-based recovery. Since PPG technology via smartphone and
wearable devices has been widely used nowadays to monitor HRV
and PRV, the PRV measures of either hand may be the alternative
method to monitor the autonomic nervous function in patients
with cardiovascular diseases (24).

This study aimed to investigate (1) the limits of agreement
between ECG-derived HRV and both hands PPG-derived
PRV measures in patients after CABG surgery; (2) the
correlations among measures of HRV and both hands PRV in
CABG patients.

MATERIALS AND METHODS
Subjects

Fourteen patients after CABG surgery over 1 year were
recruited in this study. All patients were requested to refrain
from alcohol or caffeine ingestion 24h prior to participation
in the study. Exclusion criteria included atrial fibrillation,
frequent premature ectopic complexes, the use of class I
antiarrhythmic medication, and myocardial infarction within
the last 6 months. This study has been approved by the
Institute Review Board of Taipei Veterans General Hospital. The
experimental procedures were introduced to the patients, and
written informed consents were obtained prior to the study.
This study was undertaken in accordance with the Declaration
of Helsinki.

Heart Rate and Pulse Rate Variabilities
After 5min rest in a supine position, the ECG and PPG
signals of the patient were recorded simultaneously using
the PowerLab 16sp with 16 channels (ML795 PowerLab/16SP,
ADInstruments, Sydney, Australia) for 10min. Three self-
adhesive ECG electrodes were placed onto the chest parallel to
the longitudinal heart axis for ECG recording. The pulse wave
signals were recorded at the index fingertip of both hands via
infrared PPG probes (MLT1020; ADInstruments, CO Springs,
CO, USA). A custom-written program was used to collect ECG
and PPG signals (MathWorks Inc., Natick, Massachusetts, USA).
An analog-to-digital converter with a sampling rate of 400 Hz was
set for data acquisition.

A peak detection algorithm was developed to detect the peaks
of the R waves in the QRS complexes in the ECG tracing using a
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TABLE 1 | Demographics and clinical characteristics of the patients receiving

CABG.

Age (yrs) 63.5 (55.5 ~ 66.3)
Gender

Male 9 (64.3)
Female 5(35.7)

Body height (cm)
Body weight (kg)

162 (157 ~ 168)
64.1 (57.3 ~ 80.0)

Body mass index (kg/m?) 251 (22.1 ~ 27.0)

History

Previous myocardial infarction 5(35.7)
Hypertension 11 (78.6)
Diabetes mellitus 6 (42.9)
Hyperlipidemia 4 (28.6)
Medication

Beta-Blocker 5(35.7)
Calcium antagonist 9 (64.3)
Nitrates 12 (85.7)
Angiotensin-Converting enzyme inhibitor 6 (42.9)
Digitalis 2 (14.3)
Aspirin 10 (71.4)

Data are presented as median and interquartile range (IQR, 25 ~ 75%) or number
(percentage). CABG, coronary artery bypass graft surgery.

wavelet-based method along with multiscale differential operator
(25). The length of the interval between successive peaks of R
waves in the QRS complexes was defined as the RR interval (RRI)
of that pair of R waves. The highest peak of the pulse wave
following the R wave in the QRS complex was detected using
a similar peak detection algorithm. The length of the interval
between successive peaks of pulse waves in the PPG tracing
was defined as the peak-to-peak intervals (PPI) of pulse waves.
The last 512 stationary RRI and PPI were used for subsequent
data analysis.

Both time-domain and frequency-domain measures of HRV
and both hands PRV were compared. Time-domain measures
included mean RRI (Mn), heart rate (HR), standard deviation
and root mean square successive difference (RMSSD) of RRI
or PPI (SDNN), and coefficient of variation of RRI or PPI
(CVNN = SDNN/Mn). Frequency-domain measures were the
individual powers in the power spectra of HRV and PRV.
The power spectra of RRI and PPI were analyzed via fast
Fourier transformation (FFT). Direct current components were
excluded before computing the powers of individual frequency
bands in the power spectra using FFT. The area-under-the-
curve of the spectral peaks within the range of 0.01-0.4, 0.01-
0.04, 0.04-0.15, and 0.15-0.4 Hz were calculated as the total
power (TP), very low-frequency power (VLF), low-frequency
power (LF), and high-frequency power (HF), respectively. The
normalized high-frequency power (HFnorm = HF/TP) was used
as the index of vagal modulation (26); the normalized low-
frequency power (LFnorm = LF/TP) as the index of sympathetic
and vagal modulation (27); and the low-/high-frequency power
ratio (LF/HF) as the index of sympathovagal balance. The

very low-frequency power (VLF) was used as the index of
renin-angiotensin-aldosterone system and vagal withdrawal (28,
29).

In FFT, the best known use of the Cooley-Tukey algorithm
is to divide the transform into two pieces of size n/2 at each
step. The number of samples used in the FFT is therefore limited
to power-of-two sizes, though any factorization can be used in
general. Therefore, a sample size of 2" is often used in FFT. In
this study, 2° = 512 RRI were used so that the ECG and PPG
recording time can be restricted to within 10 min if the heart rate
of the study subject is not <52 beats per minute. A long recording
time of ECG and PPG might result in instability in the ECG and
PPG tracing due to drowsiness, agitation, body movement, etc.
The RRI and PPI thus obtained might not be stationary anymore.

Statistical Analyses

Data are presented as the median and interquartile range (IQR,
25 ~ 75%). Variance of different measures among HRYV, and
both hand PRV were compared using Friedman repeated-
measures analysis of variance (ANOVA) on ranks. All pairwise
comparisons were further processed using the Tukey test.
Additionally, the agreement between the HRV and PRV measures
was assessed using Bland-Altman plots (30). Bias was calculated
based on the average value of the difference between measures.
The ratio of half difference between upper and lower 95%
confidence limits to the mean of all pairwise measurement
means (MPM) was calculated. A ratio <0.1 was defined as good
agreement; a ratio between 0.1 and 0.2 was defined as moderate
agreement; and a ratio >0.2 was defined as insufficient agreement
(31). Linear regression analysis was performed to determine the
relationship between common measures of HRV and both hands
PRV. All statistical analyses were performed using SigmaPlot 13
software (SPSS Inc., Chicago, IL, USA).

RESULTS

Demographics and Clinical Profiles

Fourteen patients recruited in this study had a mean age of 59.5
years, and 9 (64.3%) of them were male. The demographics,
clinical profiles, and current medication are presented in Table 1.

Comparisons Among HRYV, Left Hand PRY,

and Right Hand PRV

The results revealed significant differences in TP, VLE, LF, HE and
VLFnorm among HRYV, right hand PRV (R-PRV), and left hand
PRV (L-PRV) (Table 2). Pairwise comparisons showed that the
VLE HE and VLFnorm of R-PRV were significantly greater than
those of HRV, whereas the LF of L-PRV was significantly greater
than that of HRV.

Bland-Altman Analysis

Table 3 shows the results of Bland-Altman analysis among HRYV,
L-PRV, and R-PRV. Good agreements were observed in Mn,
SDNN, CVNN, TP, VLE and VLFnorm; moderate agreements
were found in LE, HE and LFnorm; while insufficient agreements
were observed in RMSSD, HFnorm, and LF/HF between HRV
and L-PRV (Figure 1).
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TABLE 2 | Comparisons among HRV, L-PRV, and R-PRV measures in patients after CABG.

Parameters HRV L-PRV R-PRV

Median (IQR) CV (%) Median (IQR) CV (%) Median (IQR) CV (%) P-value
Time-domain variables
Mn (ms) 783.7 (747.9 ~ 843.6) 8.1 783.7 (747.9 ~ 843.6) 8.1 783.7 (747.9 ~ 843.6) 8.1 0.779
SDNN (ms) 28.6 (19.4 ~ 35.9) 59.2 28.5(18.3 ~ 36.1) 58.1 28.6 (18.4 ~ 36.0) 58.3 0.863
CVNN (%) 0.03 (0.02 ~ 0.04) 53.5 0.03 (0.02 ~ 0.05) 52.4 0.03 (0.02 ~ 0.05) 52.3 0.223
RMSSD (ms) 18.1 (11.2 ~ 46.4) 92.0 21.9 (10.6 ~ 45.9) 89.1 20.9 (10.7 ~ 45.4) 90.1 0.865
Frequency-domain variables
TP (ms?) 271.2 (92.5 ~ 467.6) 139.7 277.4 (95.0 ~ 511.1) 138.0 278.9 (98.8 ~ 516.6) 138.1 0.033#
VLF (ms?) 66.9 (34.2 ~ 83.5) 81.0 66.9 (34.5 ~ 83.6) 81.7 67.6 (35.4 ~ 84.1)* 81.2 0.024#
LF (ms?) 56.6 (28.2 ~ 198.9) 138.1 59.5 (30.3 ~ 196.6)* 138.6 57.5(33.5 ~ 196.1) 139.0 0.011#
HF (ms?) 40.6 (16.2 ~ 335.5) 173.8 62.2 (20.4 ~ 336.7) 170.1 61.3 (20.9 ~ 331.9)* 1701 0.042#
VLFnorm (nu) 30.6 (11.5 ~ 48.9) 70.4 33.1(11.6 ~ 47.4) 68.1 32.6 (11.8 ~ 45.9)* 68.2 0.030#
LFnorm (nu) 27.9 (19.4 ~ 37.9) 60.7 29.1(18.8 ~ 36.3) 59.8 29.3 (18.2 ~ 35.6) 60.9 0.807
HFnorm (nu) 32.1(12.5 ~ 61.9) 65.7 30.6 (17.0 ~ 61.5) 61.1 31.6 (19.2 ~ 61.5) 60.4 0.257
LF/HF 0.7 (0.4 ~2.7) 1271 0.8(0.5~2.2) 131.8 0.8(0.4~1.9) 140.7 0.318

Data are presented as median (interquartile range, IQR: 25 ~75%). CABG, coronary bypass graft surgery; HRV, heart rate variability; PRV, pulse rate variability; L-PRV, left hand PRV;
R-PRV, right hand PRV; CV, coefficient of variation; Mn, mean RR interval; SDNN, standard deviation of RR intervals; CVNN, coefficient of variation of RR intervals; RMSSD, root mean
square of successive difference; TR, total power; VLF, very low-frequency power; LF, low-frequency power; HF, high-frequency power; VLFnorm, normalized VLF; LFnorm, normalized
LF; HFnorm, normalized HF; LF/HF, low-/high- frequency power ratio; bpm, beats per minute; ms, millisecond; nu., normalized unit. " Significant diifference vs. HRV. *Significant difference
in group comparison.

TABLE 3 | Bland-Altman analysis of measuring variables among HRV, L-PRV, and R-PRV in patients after CABG.

Parameters HRV vs. L-PRV HRV vs. R-PRV R-PRV vs. L-PRV
MPM Ratio Agreement MPM Ratio Agreement MPM Ratio Agreement

Mn (ms) 797.2 £64.7 1.39 x 10°*  Good 797.2 £64.7 1.19 x 107*  Good 797.2 £64.7 6.71 x 107 Good
SDNN (ms) 31.7 £18.6 0.076 Good 31.6 £18.6 0.063 Good 31.7 £18.4 0.035 Good
CVNN (%) 3.9 +2.1 0.076 Good 3.9 +21 0.065 Good 3.9 £21 0.037 Good
RMSSD (ms) 34 +£30.7 0.203 Insufficient 33.9 +£30.8 0.170 Moderate 33.8 +£30.2 0.082 Good

TP (ms?) 455.9 +£632.9 0.092 Good 455.7 +633 0.088 Good 461.3 +636.8 0.022 Good
VLF (ms?) 78.2 +£63.6 0.035 Good 78.3 £63.5 0.030 Good 78.6 +£64 0.012 Good

LF (ms?) 139.6 £193.0 0.142 Moderate 139.3 £192.9 0.135 Moderate 142 £197 0.023 Good

HF (ms?) 238.2 +£409.3 0.137 Moderate 238.2 £409.5 0.128 Moderate 240.7 +409.4 0.036 Good
VLFnorm (nu) 356.9 £22.3 0.026 Good 35.8 £22.3 0.268 Insufficient 70.7 £43.4 0.017 Good
LFnorm (nu) 30.8 £18.5 0.179 Moderate 30.7 £18.6 0.168 Moderate 30.9 £18.6 0.039 Good
HFnorm (nu) 36.8 £23 0.434 Insufficient 37 +£23 0.40 Insufficient 37.3 £22.6 0.055 Good
LF/HF 1.8 £24 0.739 Insufficient 19 £25 0.689 Insufficient 1.7 £24 0.275 Insufficient

MPM is presented as mean and standard deviation, and ratio as 0.5x (range of LA)/MPM. CABG, coronary bypass graft surgery; HRV, heart rate variability; PRV, pulse rate variability;
MPM, mean of pairwise means. Ratio = 0.5 (range of LA)/MPM. Mn, mean RR interval; SDNN, standard deviation of RR intervals; CVNN, coefficient of variation of RR intervals; RMSSD,
root mean square of successive difference; TF, total power; VLF, very low-frequency power; LF, low-frequency power; HF, high-frequency power; VLFnorm, normalized VLF; LFnorm,
normalized LF; HFnorm, normalized HF; LF/HF, low-/high- frequency power ratio; bpm, beats per minute; ms, millisecond; nu, normalized unit.

The comparison between HRV and R-PRV revealed good
agreements in Mn, SDNN, CVNN, TP, and VLF; moderate
agreement in RMSSD, LE, HE, and LFnorm; and insufficient
agreement in VLFnorm, HFnorm, and LF/HF between HRV and
R-PRV (Figure 2).

In the comparison between the measures of R-PRV
and L-PRV, good agreements were observed in almost all
measures, except for insufficient agreement found in LF/HF
(Figure 3).

Linear Regression Analysis

Figure 4 shows the linear correlations among the RRI, left hand
PPI, and right hand PPI in a representative patient. There are very
significant and strong positive correlations among RRI and both
hands PPI in that study subject, indicating that both hand PPI is
associated strongly and positively with the RRI. As demonstrated
in Table 4, there were significant and strong positive correlations
among all measures of HRV, R-PRV, and L-PRV (r ranged from
0.943to 1, p < 0.01).
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FIGURE 1 | Bland-Altman analysis between HRV measures and L-PRV measures. Gray lines indicate the bias between the measures. (A) Mn, mean RR interval; (B)
SDNN, standard deviation of normal RR intervals; (C) CVNN, coefficient of variation of normal RR intervals; (D) RMSSD, root mean square of successive difference;
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DISCUSSION

This study investigated the agreement and correlation of time-
domain and frequency-domain HRV indices between ECG-
derived HRV and finger PRV (right and left hands) in CABG
patients after 1 year of surgery. The primary finding was that
both hands PRV cannot be used as the surrogate of HRV as
evidenced by (1) insufficient agreement in RMSSD, HFnorm,
and LF/HF between HRV and L-PRV, and (2) insufficient
agreement in VLFnorm, HFnorm, and LF/HF between HRV
and R-PRV. Clearly, there was insufficient agreement in LF/HF
between HRV measures and PRV measures of either hand. The
secondary finding was that both hands PRV measures have a
near perfect correlations with HRV measures, indicating that
both hand PRV measures can also be used to evaluate autonomic
nervous modulation in CABG patients. If the latter finding

is true, then the PRV of either hand can be used as a user-
friendly and low-cost (i.e., smartphone and smartwatch) option
for the regular evaluation and monitoring of autonomic nervous
function in CABG patients and possibly in patients with other
cardiovascular diseases.

In this study, the Friedman test revealed significant differences
in TP, VLE LE HE and VLFnorm among HRV, R-PRV, and
L-PRV. Overestimation of HRV variables in VLE, LE, HE and
VLFnorm of R-PRV was observed when PRV was used to
compare to HRV. It seems such observation only occurred in
frequency-domain HRV indices.

The limits of agreements were found to be of a moderate
to good levels in Mn, SDNN, CVNN, TP, VLE LE HE
and LFnorm, while an insufficient agreement was found in
RMSSD, VLFnorm, HFnorm, and LF/HF between HRV and
both hand PRV. Our previous study supported such findings
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where a poor agreement was found between both hand PRV
and ECG-derived HRV in healthy adults (18). Furthermore,
pathological conditions such as obstructive sleep apnea (17)
and blood pressure hypertension or hypotension (32) could
potentially lead to a large measurement bias between the PRV
and HRV. Conversely, moderate to good agreements between
HRV and PRV have been reported in 343 clinical patients
with gynecological and pain medicine practice during deep
breath and normal breath conditions (15). The controversial
findings may be related to methodological considerations (signal
processing, identification of fiducial points, sample rate etc...)
and physiological conditions (arterial vessel, respiratory activity,
recording site etc...) among the studies (12).

In term of the time-domain HRV indices, RMSSD showed
insufficient agreement between HRV and PRV of either hand.

In HRV measures, the RMSSD is a strong indicator of vagal
tone (33) and is considered a primary biomarker to identify
autonomic adaptation in responses to psychological (34) and
physiological stimuli (35). It was assumed that pathological
conditions could play a role in affecting the limits of agreement
between PRV and HRV. Mejia-Mejia et al. (32) showed that
hospitalized patients in an intensive care unit have the largest
bias error in RMSSD between PRV and HRV measures,
compared to others time-domain indices such as SDNN, RRI,
and pNN50. Furthermore, Khandoker et al. (17) reported a
significant difference in RMSSD when PRV and HRV were
recorded during 2min obstructive sleep apnea events. The
inaccuracy measures of RMSSD between PRV and HRV was
also identified in healthy adults (18). The poor accuracy of
measures between PRV and HRV may be related to the
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association of mathematical calculation and fiducial points
of measures.

Interestingly, large measurement errors were observed in
HFnorm and LF/HF when right or left hand PRV was compared
to the ECG-derived HRV. These two HRV variables provide
an essential view to understanding the vagal activation and
sympathovagal balance in health status (33). The high-frequency
component of HRV is known to be caused by respiration. The
effect of respiration on the variation in RRI and PPI might be
different because of the intervening radial artery. The time for the
pulse wave to travel from the heart to the index fingertip of either
hand through the radial artery might be affected by respiration,
leading to a greater effect of respiration on the higher frequency
component of PRV. The greater impact of respiration on PPI
might be the reason why the lower-frequency components agree

better than the higher-frequency components between HRV and
PRV. Further explorations of these factors are warranted to
validate this speculation.

Although autonomic modulation is similar between PRV and
HRYV, these two measures are not surrogates of each other due
to insifficuint agreement found in RMSSD, HE and LF/HF.
Recent studies provide solid evidence to support the profound
effects of cardiac and vascular mechanisms on PPG recording,
suggesting distinctive features between HRV and PRV (19).
Another factor contributing to the difference between HRV and
both hand PRV might be the variation in time used by the blood
to travel from the heart to the radial artery. Nevertheless, the
accuracy of both hand PRV measures as the surrogate of HRV
estimation is not convincing in CABG patients. A potential risk
to underestimate/overestimate the HRV values by using either
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TABLE 4 | Linear regression analysis among HRV, L-PRV, and R-PRV measures in
patients after CABG.
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Parameters HRV vs. L-PRV HRV vs. R-PRV L-PRV vs. R-PRV
Mn (ms) 1<0.01 1 <0.01 1<0.01
SDNN (ms) 0.998 < 0.01 0.999 < 0.01 1<0.01
CVNN (%) 0.998 < 0.01 0.998 < 0.01 0.999 < 0.01
RMSSD (ms) 0.994 < 0.01 0.996 < 0.01 0.999 < 0.01
TP (ms?) 1<0.01 1<0.01 1<0.01
VLF (ms?) 1<0.01 1<0.01 1<0.01
LF (ms?) 1<0.01 1<0.01 1<0.01
HF (ms?) 0.999 < 0.01 0.999 < 0.01 1<0.01
VLFnorm (nu) 0.974 < 0.01 0.978 < 0.01 1<0.01
LFnorm (nu) 0.989 < 0.01 0.990 < 0.01 1 <0.01
HFnorm (nu) 0.943 < 0.01 0.951 < 0.01 0.999 < 0.01
LF/HF 0.963 < 0.01 0.967 < 0.01 0.998 < 0.01
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FIGURE 4 | Linear correlation analysis among the RRI, left hand PPI, and right
hand PPI in a representative patient.

hand PRV should be noted (15). We speculate that measurement
error may occur when PRV measures of either hand are used as a
surrogate of HRV in CABG patients.

To identify the limits of agreement on ipsilateral hand
PRV, the R-PRV, and L-PRV were used for comparison in
our study. Previously Wong et al. (18) reported asymmetry in
PRV modulation between both hands in healthy seniors, as
observed by RMSSD, TP, HE HFnorm, and LF/HF variables.
Conversely, our finding only revealed insufficient agreement in
LF/HF between both hands PRV. The difference in the accuracy
of hand PRV measures between healthy seniors and CABG

Data are presented as r and p-values. CABG, coronary bypass graft surgery; HRV, heart
rate variability; PRV, pulse rate variability; L-PRV, left hand PRV; R-PRV, right hand PRV;
Mn, mean RR interval; SDNN, standard deviation of RR intervals; CVNN, coefficient of
variation of RR intervals; RMSSD, root mean square of successive difference; TF, total
power; VLF, very low-frequency power; LF, low-frequency power; HF, high-frequency
power; VLFnorm, normalized VLF; LFnorm, normalized LF; HFnorm, normalized HF;
LF/HF, low-/high- frequency power ratio; bpm, beats per minute; ms, millisecond; ms?,
millisecond squared; nu, normalized unit.

patients might be related to the structure of radial artery, the
asymmetry of cardiovascular anatomy in the thorax, and the
less sensitivity of vagal-related control over arterial modulation
after CABG surgery (23). Thus, using hand PRV measure as
an independent biomarker to evaluate the overall cardiovascular
function in the target population should be considered.

As demonstrated in Table4, near perfect and perfect
correlations were identified in all pairwise comparisons. The
results of linear correlation demonstrated a strong link between
both hand PRV and HRV measures for the evaluation of
autonomic nervous function in CABG patients. In particular,
this finding was associated with a similar coefficient of
variance in intra-subject comparisons, as shown in Table 2.
Our findings were in line with previous reports, which showed
significant strong positive correlations between PRV and HRV
in healthy adults (11, 18, 34) and in patients with hypoglycemia
syndrome (35).

The discrepancy of 5min short-term records in RMSSD,
VLFnorm, HFnorm, and LF/HF variables found in the present
study may be influenced by two physiological factors. The
first factor is related to vascular determinants present in both
hands PRV but not in ECG-derived HRV. The hemodynamic
functions are mainly determined by the quality and structure
of blood vessels, vascular stiffness after the left ventricle
contraction, and the viscosity and osmolarity of the blood.
Measuring arterial responses at the fingertips may be potentially
influenced by these physiological factors during PPG assessment
(12, 19). The second factor is related to the discrepancy in
biosignal transmission between ECG and both hands PRV.
The information transmitted from the R wave of ECG to
the subsequent peak of pulse wave may be affected by
respiratory control, stiffness of radial artery, constituents of
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blood, medication, and multiple chronic diseases. The CABG
patients in this study had more than one chronic disease and used
many kinds of medication, including cardiovascular medicine.
Previous studies examining cardiovascular waveforms in patients
with cardiovascular diseases supported this conjecture (36-38).

In CABG, reverse segments of the great saphenous vein or the
pedicle graft of the left internal mammary artery were harvested
and bridged between the coronary artery distal to the stenotic
lesion and ascending aorta. In this study, all patients received
CABG surgery with the graft taken from their internal mammary
artery or great saphenous vein. None of them received grafts from
their radial arteries. Therefore, the quality of PPG signals taken
from the radial arteries of both hands were not affected by the
CABG surgery in this study.

The practical implication of the current study highlights
the feasibility of using PRV for interpreting cardiac health in
CABG patients. The advancement of PRV recordings is the
result of the widespread use of built-in PPG sensors (i.e.,
smartphone, smartwatch, or pulse oximeter etc.). The PRV
recorded from the fingertip is easily assessable and convenient
as a daily routine (10). This routine process may be used as a
diagnostic tool to reduce the mortality rate of coronary events
or a clinical evaluation for postoperative care (39). Recently, a
clinical study demonstrated that the high quality of smartphone-
based PPG recordings provided a similar level of sensitivity and
accuracy in diagnosing atrial fibrillation by physicians (40). Thus,
future studies are recommended to use PRV signals to identify
subsequent changes in cardiovascular functions in patients after
CABG surgery.

This study has several limitations. Firstly, more patients after
CABG surgery are needed to validate our findings in this small-
scale study. Secondly, the extension of the findings of this study
to patients with other kinds of cardiovascular disease needs
further evidence to verify as only CABG patients were recruited
in the current study. Thirdly, only post-surgical HRV and PRV
measures in the CABG patients were taken over a 1 year period.
The results of this study may not be applicable to patients during
the recovery phase after CABG surgery in the hospital setting and
during home-based recovery phase within a year. Future studies
should compare the accuracy between HRV and both hands PRV
measures in other kinds of cardiovascular disease and CABG
patients within 1 year after surgery. Fourthly, this study was
carried on using short-term spectral HRV/PRV analysis, which
is subject to the variation in the physiological and psychological
conditions and the medications of the patients. Finally, this study
was a cross-sectional investigation. The outcomes of this study
are not comparable to longitudinal measures between HRV and
PRV in CABG patients. Cautions should be exercised in the
interpretation of the experimental data.

CONCLUSION

Both hand PRV measures cannot be used as the surrogate of
ECG-derived HRV measures in CABG patients due to insufficient

agreements in RMSSD, HFnorm, and LE/HF indices which are
essential in the evaluation of autonomic nervous function in
short-term HRV analysis. The use of PRV measures to monitor
cardiac-related health in patients after CABG surgery over 1
year should be done with caution. However, the use of PRV of
either hand for the evaluation of autonomic nervous function
might be warranted in CABG patients and possibly other kinds
of cardiovarscular diseases because of good agreement in most
time-domain and frequency-domain HRV measures and the
strong positive correlations among HRV and both hand PRV
measures in CABG patients.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed
and approved by Institute Review Board of Taipei
Veterans  General ~Hospital. The patients/participants
provided their written informed consent to participate in
this study.

AUTHOR CONTRIBUTIONS

Y-SC contributed to the study conceptualization, investigation,
and writing (including reviewing and editing) of the manuscript.
Y-YL contributed to the methodology, data acquisition, statistical
analysis, and writing (including reviewing and editing) of
the manuscript. C-CS contributed to the surgery, primary
care and recruitment of CABG patients, administration, and
writing (including reviewing and editing) of the manuscript.
C-DK contributed to the study conceptualization, project
administration, methodology, supervision, data interpretation,
and writing (including reviewing and editing) of the manuscript.
All authors contributed to the article and approved the
submitted version.

FUNDING
This work was supported by a
361-5 from Taipei Veterans General Hospital, and
a grant CCMP95-TP-040 from the Committee on
Chinese Medicine and Pharmacy, Department of Health,
Taipei, Taiwan.

grant VGHTPE93-

ACKNOWLEDGMENTS

The authors would like to thank Dr. Zachary ]. Crowley-
McHattan for his editorial assistant with the manuscript and the
participants who volunteered for this study.

Frontiers in Cardiovascular Medicine | www.frontiersin.org

December 2021 | Volume 8 | Article 749297


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Chen et al.

HRV and PRV in CABG

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

. Lombardi

. Huikuri HV. Heart rate variability in coronary artery disease. ] Intern Med.

(1995) 237:349-57. doi: 10.1111/j.1365-2796.1995.tb01186.x

. Raczak G, Pinna GD, La Rovere MT, Maestri R, Danilowicz-Szymanowicz

L, Ratkowski W, et al. Cardiovagal response to acute mild exercise in young
healthy subjects. Circ J. (2005) 69:976-80. doi: 10.1253/circj.69.976

. Yanagi S, Yoshinaga M, Horigome H, Tanaka Y, Fusazaki N, Matsuoka Y,

et al. Heart rate variability and ambulatory blood pressure monitoring in
young patients with hypertrophic cardiomyopathy. Circ J. (2004) 68:757-
62. doi: 10.1253/circj.68.757

. Bigger JT, Fleiss JL, Rolnitzky LM, Steinman RC. The ability of several short-

term measures of rr variability to predict mortality after myocardial infarction.
Circulation. (1993) 88:927-34. doi: 10.1161/01.CIR.88.3.927

F Sandrone G, Pernpruner S, Sala R, Garimoldi M,
Cerutti S, et al. Heart rate variability as an index of sympathovagal
interaction after acute myocardial infarction. Am ] Cardiol. (1987)
60:1239-45. doi: 10.1016/0002-9149(87)90601-1

. Kleiger RE, Stein PK, Bigger JT Jr. Heart rate variability: Measurement

and  clinical  utility. Ann  Noninvasive  Electrocardiol. ~ (2005)

10:88-101. doi: 10.1111/j.1542-474X.2005.10101.x

. Pontet ], Contreras P, Curbelo A, Medina ], Noveri S, Bentancourt

S, et al. Heart rate variability as early marker of multiple organ
dysfunction syndrome in septic patients. J Crit Care. (2003) 18:156—
63. doi: 10.1016/j.jcrc.2003.08.005

. Barnaby D, Ferrick K, Kaplan DT, Shah S, Bijur P, Gallagher EJ. Heart rate

variability in emergency department patients with sepsis. Acad Emerg Med.
(2002) 9:661-70. doi: 10.1197/aemj.9.7.661

. Chen Y-S, Lu W-A, Pagaduan JC, Kuo CD. A novel smartphone app

for the measurement of ultra-short-term and short-term heart rate
variability: validity and reliability study. JMIR Mhealth Uhealth. (2020)
8:¢18761. doi: 10.2196/18761

Moraes JL, Rocha MX, Vasconcelos GG, Vasconcelos Filho JE, De
Albuquerque VHC, Alexandria AR. Advances in photopletysmography
signal  analysis for  biomedical applications.  Semsors.  (2018)
18:1894. doi: 10.3390/5s18061894

Mejia-Mejia E, Budidha K, Abay TY, May JM, Kyriacou PA.
Heart rate variability (hrv) and pulse rate variability (prv) for
the assessment of autonomic Front  Physiol. ~ (2020)
11:779. doi: 10.3389/fphys.2020.00779

Schifer A, Vagedes J. How accurate is pulse rate variability as an estimate of
heart rate variability? A review on studies comparing photoplethysmographic
technology with an electrocardiogram. Int ] Cardiol. (2013) 166:15-
29. doi: 10.1016/j.ijcard.2012.03.119

McKinley PS, Shapiro PA, Bagiella E, Myers MM, De Meersman RE,
Grant I, et al. Deriving heart period variability from blood pressure
waveforms. ] Appl Physiol. (2003) 95:1431-38. doi: 10.1152/japplphysiol.011
10.2002

Carrasco S, Gonzdlez R, Jiménez ], Romén R, Medina V, Azpiroz J.
Comparison of the heart rate variability parameters obtained from the
electrocardiogram and the blood pressure wave. ] Med Eng Technol. (1998)
22:195-205. doi: 10.3109/03091909809032542

Weinschenk SW, Beise RD, Lorenz J. Heart rate variability (hrv) in
deep breathing tests and 5-min short-term recordings: agreement of ear
photoplethysmography with ecg measurements, in 343 subjects. Eur ] Appl
Physiol. (2016) 116:1527-35. doi: 10.1007/s00421-016-3401-3

Constant I, Laude D, Murat I, Elghozi JL. Pulse rate variability is
not a surrogate for heart rate variability. Clin Sci. (1999) 97:391-
7. doi: 10.1042/cs0970391

Khandoker AH, Karmakar CK, Palaniswami M. Comparison of pulse rate
variability with heart rate variability during obstructive sleep apnea. Med Eng
Phys. (2011) 33:204-9. doi: 10.1016/j.medengphy.2010.09.020

Wong JS, Lu WA, Wu KT, Liu M, Chen GY, Kuo CD. A comparative study of
pulse rate variability and heart rate variability in healthy subjects. ] Clin Monit
Comput. (2012) 26:107-14. doi: 10.1007/s10877-012-9340-6

Yuda E, Shibata M, Ogata Y, Ueda N, Yambe T, Yoshizawa M, et al. Pulse rate
variability: a new biomarker, not a surrogate for heart rate variability. ] Physiol
Anthropol. (2020) 39:21. doi: 10.1186/s40101-020-00233-x

responses.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Shin H. Ambient temperature effect on pulse rate variability as an alternative
to heart rate variability in young adult. J Clin Monit Comput. (2016) 30:939-
48. doi: 10.1007/s10877-015-9798-0

Jan HY, Chen ME Fu TC, Lin WC, Tsai CL, Lin KP. Evaluation of coherence
between ecg and ppg derived parameters on heart rate variability and
respiration in healthy volunteers with/without controlled breathing. | Med
Biol Eng. (2019) 39:783-95. doi: 10.1007/s40846-019-00468-9

Charlot K, Cornolo J, Brugniaux JV, Richalet JP, Pichon A.

Interchangeability ~between heart rate and photoplethysmography
variabilities during sympathetic stimulations. Physiol Meas. (2009)
30:1357-69. doi: 10.1088/0967-3334/30/12/005

Lakusic N, Mahovic D, Kruzliak P, Cerkez Habek J, Novak

M, Cerovec D. Changes in heart rate variability after coronary
artery bypass grafting and clinical importance of these findings.
BioMed  Res  Int. (2015)  2015:680515.  doi: 10.1155/2015/6
80515

Li KHC, White FA, Tipoe T, Liu T, Wong MC, Jesuthasan A, et al. The
current state of mobile phone apps for monitoring heart rate, heart rate
variability, and atrial fibrillation: Narrative review. JMIR Mhealth Uhealth.
(2019) 7:€11606. doi: 10.2196/11606

Chen PC, Lee S, Kuo CD. Delineation of T wave in ECG by

wavelet transform using multiscale differential operator. IEEE
Trans Biomed Eng. (2006) 53:1429-33. doi: 10.1109/TBME.2006.
875719

Pagani M, Lombardi F, Guzzetti S, Rimoldi O, Furlan R, Pizzinelli P, et al.
Power spectral analysis of heart rate and arterial pressure variabilities as a
marker of sympatho-vagal interaction in man and conscious dog. Circu Res.
(1986) 59:178-93. doi: 10.1161/01.RES.59.2.178

Koizumi K, Terui N, Kollai M. Effect of cardiac vagal and sympathetic nerve
activity on heart rate in rhythmic fluctuations. J Auton Nerv Syst. (1985)
12:251-9. doi: 10.1016/0165-1838(85)90065-7

Fleisher LA, Frank SM, Sessler DI, Cheng C, Matsukawa T, Vannier
CA. Thermoregulation and heart rate variability. Clin Sci. (1996) 90:97-
103. doi: 10.1042/cs0900097

Taylor JA, Carr DL, Myers CW, Eckberg DL. Mechanisms underlying very-
low-frequency rr-interval oscillations in humans. Circulation. (1998) 98:547-
55. doi: 10.1161/01.CIR.98.6.547

Bland JM, Altman DG. Statistical methods for assessing agreement
between two methods of clinical measurement. Lancet. (1986) 327:307-
10. doi: 10.1016/S0140-6736(86)90837-8

Radespiel-Troger M, Rauh R, Mahlke C, Gottschalk T, Miick-Weymann M.
Agreement of two different methods for measurement of heart rate variability.
Clin Auton Res. (2003) 13:99-102. doi: 10.1007/s10286-003-0085-7
Mejia-Mejia E, May JM, Elgendi M, Kyriacou PA. Differential
effects of the blood pressure state on pulse rate variability and
heart rate variability in critically ill patients. NPJ Digit Med. (2021)
4:82. doi: 10.1038/s41746-021-00447-y

Task Force of the European Society of Cardiology and the North American
Society of Pacing and Electrophysiology. Heart rate variability: standards
of measurement, physiological interpretation, and clinical use. Circulation.
(1996) 93:1043-65.

Melo HM, Hoeller AA, Walz R, Takase E. Resting cardiac vagal tone
is associated with long-term frustration level of mental workload: ultra-
short term recording reliability. Appl Psychophysiol Biofeedb. (2020) 45:1-
9. doi: 10.1007/510484-019-09445-2

Buchheit M. Monitoring training status with HR measures: do all
roads lead to Rome? Front Physiol. (2014) 5:73. doi: 10.3389/fphys.2014.
00073

Cooper LL, Rong ], Benjamin EJ, Larson MG, Levy D, Vita JA,
et al. Components of hemodynamic load and cardiovascular
events: the framingham heart study. Circulation. (2015) 131:354-
61; discussion 361. doi: 10.1161/CIRCULATIONAHA.114.
011357

Bennett JR, Darragh KM, Walsh S], Allen DJ, Scott M, Stevenson
M, et al. Low-tilt monophasic and biphasic waveforms compared with
standard biphasic waveforms in the transvenous defibrillation of ventricular
fibrillation. Pacing Clin Electrophysiol. (2014) 37:279-89. doi: 10.1111/pace.
12266

Frontiers in Cardiovascular Medicine | www.frontiersin.org

December 2021 | Volume 8 | Article 749297


https://doi.org/10.1111/j.1365-2796.1995.tb01186.x
https://doi.org/10.1253/circj.69.976
https://doi.org/10.1253/circj.68.757
https://doi.org/10.1161/01.CIR.88.3.927
https://doi.org/10.1016/0002-9149(87)90601-1
https://doi.org/10.1111/j.1542-474X.2005.10101.x
https://doi.org/10.1016/j.jcrc.2003.08.005
https://doi.org/10.1197/aemj.9.7.661
https://doi.org/10.2196/18761
https://doi.org/10.3390/s18061894
https://doi.org/10.3389/fphys.2020.00779
https://doi.org/10.1016/j.ijcard.2012.03.119
https://doi.org/10.1152/japplphysiol.01110.2002
https://doi.org/10.3109/03091909809032542
https://doi.org/10.1007/s00421-016-3401-3
https://doi.org/10.1042/cs0970391
https://doi.org/10.1016/j.medengphy.2010.09.020
https://doi.org/10.1007/s10877-012-9340-6
https://doi.org/10.1186/s40101-020-00233-x
https://doi.org/10.1007/s10877-015-9798-0
https://doi.org/10.1007/s40846-019-00468-9
https://doi.org/10.1088/0967-3334/30/12/005
https://doi.org/10.1155/2015/680515
https://doi.org/10.2196/11606
https://doi.org/10.1109/TBME.2006.875719
https://doi.org/10.1161/01.RES.59.2.178
https://doi.org/10.1016/0165-1838(85)90065-7
https://doi.org/10.1042/cs0900097
https://doi.org/10.1161/01.CIR.98.6.547
https://doi.org/10.1016/S0140-6736(86)90837-8
https://doi.org/10.1007/s10286-003-0085-7
https://doi.org/10.1038/s41746-021-00447-y
https://doi.org/10.1007/s10484-019-09445-z
https://doi.org/10.3389/fphys.2014.00073
https://doi.org/10.1161/CIRCULATIONAHA.114.011357
https://doi.org/10.1111/pace.12266
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Chen et al.

HRV and PRV in CABG

38. Chirinos JA, Kips JG, Jacobs DR Jr, Brumback L, Duprez DA,
Kronmal R, et al. Arterial wave reflections and incident cardiovascular
events and heart failure: mesa (multiethnic study of atherosclerosis).
J Am Coll Cardiol. (2012) 60:2170-7. doi: 10.1016/j.jacc.2012.
07.054

Lakusic N, Mahovic D, Sonicki, Z, Slivnjak V, Baborski F. Outcome
of patients with normal and decreased heart rate variability after
coronary artery bypass grafting surgery. Int ] Cardiol. (2013) 166:516-
8. doi: 10.1016/j.ijcard.2012.04.040

Gruwez H, Evens S, Proesmans T, Duncker D, Linz D, Heidbuchel
H, et al. Accuracy of physicians interpreting photoplethysmography and
electrocardiography tracings to detect atrial fibrillation: INTERPRET-
AF. Front Cardiovasc Med. (2021) 8:734737. doi: 10.3389/fcvm.2021.
734737

39.

40.

Conflict of Interest: C-DK is a consultant of the Leadtek Research Inc., New
Taipei City, Taiwan.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Chen, Lin, Shih and Kuo. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Cardiovascular Medicine | www.frontiersin.org

11

December 2021 | Volume 8 | Article 749297


https://doi.org/10.1016/j.jacc.2012.07.054
https://doi.org/10.1016/j.ijcard.2012.04.040
https://doi.org/10.3389/fcvm.2021.734737
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

	Relationship Between Heart Rate Variability and Pulse Rate Variability Measures in Patients After Coronary Artery Bypass Graft Surgery
	Introduction
	Materials and Methods
	Subjects
	Heart Rate and Pulse Rate Variabilities
	Statistical Analyses

	Results
	Demographics and Clinical Profiles
	Comparisons Among HRV, Left Hand PRV, and Right Hand PRV
	Bland-Altman Analysis
	Linear Regression Analysis

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References


