
EXPERIMENTAL AND THERAPEUTIC MEDICINE  10:  2311-2318,  2015

Abstract. Heart rate variability (HRV) obtained using 
photoplethysmography (PPG), which is also known as pulse 
rate variability (PRV), has already been used in clinical prac-
tice. However, it is uncertain whether PRV reflects changes in 
autonomic nervous function accurately. The aim of the present 
study was to evaluate quantitatively the effect of alterations 
in the sympathovagal balance on the agreement between PRV 
and HRV from electrocardiographs (ECG). Healthy subjects 
(male, 26; female, 7; age, 22-25 years old) participated in the 
present study. Paced respiration with 15 breathes/min and 
breath holding (apnea) were performed to alter the autonomic 
nervous states of patients. The changes in the low-to-high 
frequency power ratio (LF/HF) of HRV indicated that there 
was a sympathovagal balance shift toward vagal predomi-
nance during paced respiration, but toward sympathetic 
predominance during apnea. The results demonstrated that, 
during paced respiration, all indices had an acceptable agree-
ment [Bland-Altman ratio (BAr)<0.2] between PRV and 
HRV, with the exception of LF/HF that had an insufficient 
agreement (BAr=0.25). All indices had very strong correla-
tions [Pearson's correlation coefficients (CC)>0.99] and 
PRV had a minor but highly significant (P<0.001) increase 
for the majority of the variability indices, when compared 
with HRV. During apnea, the discrepancy of the short-term 
variability indices between PRV and HRV became sizeable 
with a BAr>0.3 and a minimum CC of 0.96. In conclusion, a 
decrease of LF/HF caused a marginal inaccuracy of PRV in 
the indication of sympathovagal balance, while sympathetic 

activation increased differences in short-term variability 
between PRV and HRV.

Introduction

Heart rate variability (HRV) analysis is a reliable tool indi-
cating cardiac autonomic modulation, which is useful in the 
clinical diagnosis of cardiovascular and autonomic diseases (1). 
Typically, HRV indices calculated based on the RR intervals 
(RRI) of electrocardiography (ECG), where R is the peak point 
of the QRS complex, are considered as a clinical standard. In 
recent years, photoplethysmography (PPG), a simple and ubiq-
uitous technology used to measure the blood volume changes 
in the microvascular bed, has been widely used in clinical 
monitoring (2). Since the pulsatile component is synchronous 
with the heartbeat, PPG has been strongly recommended as an 
alternative approach to obtain HRV indices.

Due to the variation of pulse transit time (PTT), the pulse 
intervals of PPG are not exactly the same as the RRIs of 
ECG. To date, numerous studies have evaluated the agreement 
between pulse rate variability (PRV) and HRV; however, the 
results are still disputed (3,4). This uncertainty may be due to 
deficient methods of analysis or diverse experimental settings. 
For instance, several studies (5) involved ≤4 HRV indices, 
which is insufficient since ≥7 HRV indices (2 in the time 
domain and 5 in the frequency domain) are frequently used 
in clinical practice (6). In addition, the majority of the existing 
studies have used Pearson's correlation coefficients (CC) to 
measure the agreement between PRV and HRV (5); however, 
CC reflects the linear correlation instead of the agreement 
between them, and thus Bland-Altman (BA) analysis may be a 
more cogent method (7). Furthermore, since HRV is a sensitive 
indicator reflecting autonomic nervous function, the key point 
for the accuracy of PRV should be that it accurately indicates 
the changes in the sympathovagal balance. Experimental condi-
tions must lead to the bidirectional shifts of the sympathovagal 
balance, which is the shift toward sympathetic predominance 
and parasympathetic predominance. However, certain studies 
were only concerned with the accuracy of PRV at resting 
state (8) or during particular tasks (9). A previous study used 
activity to alter the autonomic function (10); however, since 
PPG is susceptible to motion artifacts, the results were not 
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fully convincing. It can thus be seen that accurate analysis 
methods and the appropriate experimental settings are impor-
tant for evaluating the accuracy of PRV.

In the present study, the use of different respiratory modes 
to stimulate sympathetic and parasympathetic function was 
investigated. Initially, the shifts of sympathovagal balance 
were analyzed. Subsequently, the BA and the CC methods 
were used to evaluate the agreement between PRV and HRV 
under different autonomic nervous conditions. The study 
aimed to achieve a more universal conclusion on the accuracy 
of HRV from PPG.

Subjects and methods

Subjects. Experiments were performed on 33 healthy subjects 
[male, 26; female, 7; median age, 22 years (lower quartile, 22 
years; upper quartile, 23 years); age range, 22-25 years]. This 
study was conducted in accordance with the Declaration of 
Helsinki and with approval from the Ethics Committee of 
Xi'an Jiaotong University (Xi'an, China). Written informed 
consent was obtained from all participants.

Data acquisition. A PPG transducer (TSD 200; Biopac 
Systems Inc., Goleta, CA, USA) was attached to the left index 
finger of each individual. The PPG and lead II ECG signals 
were recorded simultaneously using a multi-channel system 
(MP 150; Biopac Systems Inc.) at a sampling rate of 1 kHz. 
In addition, a thoracic belt (TSD 201; Biopac Systems Inc.) 
was used to help the operator judge whether the individuals 
performed the correct respiratory protocol. The AcqKnowledge 
software (version 4.2; Biopac Systems Inc.) was used to extract 
the RRI time series from the ECG signals and to extract the 
peak-to-peak intervals (PPI) pulse cycle interval time series 
from the PPG signals. The RRI and PPIs were manually veri-
fied beat‑by‑beat to guarantee detection accuracy. In total, 
7,159 beats were obtained during spontaneous respiration, 
6,803 beats during paced respiration and 6,755 beats during 
breath holding.

Experimental protocol. Trials were performed between 
2:00 and 5:00 pm. Each subject was asked to refrain from 
consuming coffee or alcohol from 8 h prior to the trials. 
The room was maintained at a temperature of 22±2˚C. The 
subjects were instructed to lie in a supine position with their 
hands comfortably placed at their sides. Subsequent to testing 
the tolerance to paced respiration and breath holding, 3-min 
data measurements under each respiratory condition were 
performed for each subject. Initially, ECG and PPG signals 
were recorded for 3 min while the subjects maintained a relaxed 
state. Next, the subjects followed an audio guide instructing 
them to breathe with a fixed frequency of 15 breaths/min, and 
3 min signals were recorded. Subsequently, the subjects took a 
deep breath, held that breath for as long as possible, breathed 
normally for 30 sec, and then began holding their breath again. 
The same procedure was repeated various times within 3 min, 
and the signals during normal breathing and breath holding 
were recorded.

Data processing. For each subject, the RRI and PPI time 
series were obtained under the three respiratory conditions, 

and HRV analysis was performed. A total of 11 HRV indices 
were calculated from the RRI and PPIs, including the 
following values: Mean value; heart rate (HR), which is the 
reciprocal of average intervals (mean); SDNN, which is the 
standard deviation of normal beat intervals; rMSSD, which is 
the square root of the mean squared differences of successive 
normal beat intervals; SD1 and SD2, which are the standard 
deviations of points perpendicular to and along line-of-identity 
in a Poincaré plot, respectively; LF (msec2) and HF (msec2), 
which are the power values in the low (0.04-0.15 Hz) and high 
(0.15-0.4 Hz) frequency band ranges, respectively; LF (n.u.) 
and HF (n.u.), which are the normalized values of LF (msec2) 
and HF (msec2), respectively; and LF/HF, which is the ratio of 
LF (n.u.) and HF (n.u.) (6).

It has been generally accepted that LF (msec2), SDNN and 
SD2 represent the long-term variability and are associated 
with the combination of sympathetic and parasympathetic 
function. By contrast, HF (msec2), rMSSD and SD1 repre-
sent the short‑term variability and reflect vagus tone, while 
LF (n.u), HF (n.u) and LF/HF are proportional indices and 
reflect sympathovagal balance.

Statistical analysis. Data are expressed as the mean ± standard 
error. Three statistical analysis methods were used to perform 
a comprehensive evaluation. A paired-sample t-test was used 
to assess the difference between the corresponding indices of 
HRV and PRV. This method was sensitive to the systematic 
bias, but not to random errors. Pearson's CC was also used 
to directly measure the correlation between any two indices. 
In contrast to the t-test, the CC is sensitive to random errors 
rather than systematic errors.

The agreements between the HRV and PRV variables were 
mainly assessed using the BA method (7). BA plots show the 
differences between PRV and HRV versus the average as the 
best estimator of the true value. Confidence intervals (CI) for 
the differences were determined for the mean bias (d) and for 
the upper (UL) and lower limits (LL) of agreement, using the 
equations UL=d+1.96·SD and LL=d-1.96·SD, where SD is the 
standard deviation of differences. The 95% CIs of bias were 
calculated as d±t0.05 ·SD/�n. Similarly, the 95% CIs of the UL and 
LL were calculated as (d±1.96·SD)±t0.05�3SD2/n, where t0.05 is 
the critical value for a 5% two-sided test drawn from tables 
of t distribution with n-1 degrees of freedom, where n is the 
sample size. The BA ratio (BAr), which has already been used 
in a previous study (5), was used to assess the quality of agree-
ment. BA r was defined as BAr=(UL-LL)/2Apm (equation 5), 
where Apm is the average of the pairwise means. BAr<0.01 is 
considered as an excellent agreement, values between 0.01 and 
0.1 are considered as a good agreement, values between 0.1 and 
0.2 as a moderate agreement, and values of >0.2 are defined 
as insufficient agreement. The BA plots were produced using 
MedCalc software, version 12.7.5 (MedCalc Software bvba, 
Ostend, Belgium).

Results

Respiration rates. Respiration rates were determined during:  
i) Spontaneous respiration, which was the normal 
breathing; ii) paced respiration, with a fixed frequency of 
15 breaths/min; and iii) apnea, which was intermittent breath 
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holding. For all subjects, the lowest average respiratory rate 
was 10 breaths/min, and the highest was 21 breaths/min. The 
mean respiratory rate of the subjects was 15.2±3.6 breaths/min. 
Among the 33 subjects, the respiratory rates of 15 subjects 
was <15 breaths/min, and the respiratory rate of the remaining 
18 subjects was >15 breaths/min. In addition, the shortest 
duration of breath holding was 35 sec and the longest duration 
was 80 sec. The mean duration of breath holding for all the 
subjects was 63.2±13.2 sec.

Representative example of waveform measurements under 
paced respiration and apnea. A representative example of the 
waveform measurements from a subject included in the present 
study is shown in Fig. 1, which includes 90-sec segments of the 
respiratory, ECG and PPG waveforms. The RRI time series 
obtained from the ECG signal and PPI time series from PPG 
are shown in Fig. 2. The amplitude of PPG is the quantified 
level of intensity.

Descriptive statistics of HRV indices during spontaneous 
respiration, paced respiration and apnea. The descriptive 
statistics of HRV indices during spontaneous respiration, 
paced respiration and apnea are shown in Table I. There were 
significant differences (P<0.05) for the indices of the mean, 
HR, SD2, LF (msec2), LF (n.u.), HF (n.u.) and LF/HF values 
between paced and spontaneous respiration. In particular, a 
highly significant decrease (P<0.001) was observed for the 
LF/HF ratio from 0.9 (0.4-1.2) during spontaneous respiration 
to 0.3 (0.1-0.7) during paced respiration, which convention-
ally implied the shift of sympathovagal balance toward vagal 
predominance. All other indices, with the exception of 
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Figure 1. Representative example of the respiratory, ECG and PPG wave-
forms measured from a subject. (A) Paced respiration at 15 breaths/min; 
(B) intermittent breath holding. ECG, electrocardiography; PPG, photople-
thysmography.

  A

  B
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HF (msec2), presented statistically significant differences 
(P<0.05) between apnea and spontaneous respiration (Table I). 
In particular, the significant increase in the LF/HF ratio 
implied a sympathovagal balance shift toward sympathetic 
predominance during apnea. The results indicated the reverse 
changes in sympathovagal balance during paced respiration 
and apnea.

BA plots and statistical results of PRV and HRV indices 
during paced respiration. All long-term and short-term vari-
ability indices, including SDNN, SD2, LF (msec2), rMSSD, 
SD1, HF (msec2) and PRV, presented a highly significant 
(P<0.001) increase compared with HRV. In addition, HR 
showed a statistically significant difference. The indices 
had strong correlations (CC>0.99) between PRV and HRV. 
All other indices had an acceptable agreement (BAr<0.2) 

between PRV and HRV, with the exception of the ratio of low 
to high frequency power (LF/HF, BA r=0.25; Table II). The 
BA plots for each index during paced respiration are shown 
in Fig. 3.

BA plots and statistical results of PRV and HRV indices 
during apnea. Statistically significant differences between 
PRV and HRV were identified only for LF (msec2) (P<0.001) 
and SD2 (P<0.05). The linear correlation was weakened for 
the short-term variability indices, rMSSD (CC=0.96) and SD1 
(CC=0.96). Furthermore, the agreement between PRV and 
HRV for all short-term variability indices [rMSSD, SD1 and 
HF (msec2)] exceeded the acceptable limit with BAr>0.3, but 
the other indices remained in acceptable agreement (BAr<0.2; 
Table III). The BA plots for each index under apnea are 
shown in Fig. 4.

Table II. Comparison of PRV and HRV indices during paced respiration.
 
A, CC correlations
 
Type of index Index PRV HRV  CC
 
Heart rate Mean (msec) 890±26 890±26 1.00a

 HR (bpm) 69.4±1.9 69.3±1.9c 1.00a

Long-term variability SDNN (msec) 51.8±3.6 50.6±3.5a 0.99a

 SD2 (msec) 62.9±4.0 61.4±3.9a 0.99a

 LF (msec2) 519±94 481±88a 1.00a

Short-term variability rMSSD (msec) 50.8±5.2 49.2±5.2a 0.99a

 SD1 (msec) 36.0±3.7 34.9±3.7a 0.99a

 HF (msec2) 1,489±366 1,396±363a 0.99a

Sympathovagal balance LF (n.u.) 0.29±0.03 0.30±0.03 0.99a

 HF (n.u.) 0.70±0.03 0.69±0.03 0.99a

 LF/HF 0.54±0.09 0.55±0.09 0.99a

B, BA ratios

  Lower limits of Upper limits of 
Index Bias (CI) agreement (CI) agreement (CI) BA ratio

Mean (msec) 0.01 (-0.01 to 0.04) -0.17 (-0.23 to -0.11) 0.20 (0.14 to 0.26) 0.00d

HR (bpm) 0.01 (0.00 to 0.02) -0.05 (-0.07 to -0.03) 0.07 (0.05 to 0.09) 0.00d

SDNN (msec) 1.27 (0.89 to 1.64) -0.78 (-1.43 to -0.14) 3.32 (2.68 to 3.97) 0.04e

SD2 (msec) 1.45 (1.05 to 1.84) -0.74 (-1.42 to -0.05) 3.64 (2.96 to 4.33) 0.03e

LF (msec2) 37.2 (22.9 to 51.6) -41.9 (-66.7 to -17.2) 116 (91 to 141) 0.15f

rMSSD (msec) 1.5 (0.9 to 2.1) -1.7 (-2.7 to -0.7) 4.8 (3.8 to 5.8) 0.06e

SD1 (msec) 1.1 (0.6 to 1.5) -1.2 (-1.9 to -0.5) 3.4 (2.7 to 4.1) 0.06e

HF (msec2) 92 (57 to 128) -103 (-164 to -41) 288 (227 to 350) 0.13f

LF (n.u.) -0.00 (0.01 to 0.00) -0.04 (-0.05 to -0.02) 0.03 (0.02 to 0.04) 0.11f

HF (n.u.) 0.00 (-0.00 to 0.01) -0.03 (-0.04 to -0.02) 0.04 (0.02 to 0.05) 0.05e

LF/HF -0.01 (-0.03 to -0.01) -0.14 (-0.19 to -0.10) 0.12 (0.08 to 0.17) -w0.25g

Values are expressed as the mean ± standard error. Statistical significance: aP<0.0001, highly significant; bP<0.01; cP<0.05, significant. BA ratio: 
dBAr=0.01, excellent agreement; eBAr=0.01-0.1, good agreement; fBAr=0.1-0.2, moderate agreement; gBAr>0.2, insufficient agreement. CC, 
correlation coefficient; CI, confidence interval; BA, Bland‑Altman HR, heart rate; SD, standard deviation; SDNN, SD of normal beat intervals; 
LF, power in the low frequency band; rMSSD, square root of the mean squared differences of successive normal beat intervals; HF, power in 
high frequency band.
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Table III. Comparison of PRV and HRV indices during Apnea.

A, CC correlations

Type of index Index PRV HRV  CC

Heart rate Mean (msec) 891±21 891±21 1.00a

 HR (bpm) 69.3±1.6 69.3±1.7 1.00a

Long-term variability SDNN (msec) 85.9±6.2 85.7±6.2 0.99a

 SD2 (msec) 112±7 112±7b 1.00a

 LF (msec2) 1,464±249 1,414±240a 0.99a

Short-term variability rMSSD (msec) 60.9±6.7 61.7±6.8 0.96a

 SD1 (msec) 43.2±4.7 43.7±4.8 0.96a

 HF (msec2) 1,790±464 1,762±446 0.99a

Sympathovagal balance LF (n.u.) 0.53±0.03 0.53±0.03 0.99a

 HF (n.u.) 0.46±0.03 0.46±0.03 0.99a

 LF/HF 1.75±0.28 1.80±0.30 0.99a

B, BA ratios

  Lower limits of Upper limits of
Index Bias (CI) agreement (CI) agreement (CI) BA ratio

Mean (msec) 0.01 (-0.04 to 0.07) -0.32 (-0.42 to -0.21) 0.35 (0.25 to 0.46) 0.00d

HR (bpm) 0.00 (-0.02 to 0.02) -0.13 (-0.18 to -0.09) 0.13 (0.09 to 0.18) 0.00d

SDNN (msec) 0.11 (-1.02 to 1.26) -6.22 (-8.20 to -4.24) 6.45 (4.47 to 8.43) 0.07e

SD2 (msec) 0.63 (0.19 to 1.07) -1.78 (-2.53 to -1.02) 3.04 (2.29 to 3.80) 0.02e

LF (msec2) 50 (25 to 76) -90 (-133 to -46) 191 (147 to 235) 0.09e

rMSSD (msec) -0.8 (-4.3 to 2.7) -20.6 (-26.8 to -14.4) 19.0 (12.8 to 25.2) 0.32g

SD1 (msec) -0.5 (-3.1 to 1.9) -14.6 (-19.0 to -10.2) 13.5 (9.1 to 17.9) 0.32g

HF (msec2) 27 (-81 to 137) -578 (-768 to -389) 634 (445 to 824) 0.34g

LF (n.u.) 0.00 (-0.00 to 0.00) -0.04 (-0.05 to -0.03) 0.04 (0.03 to 0.06) 0.08e

HF (n.u.) 0.00 (-0.00 to 0.00) -0.04 (-0.06 to -0.03) 0.04 (0.03 to 0.05) 0.09e

LF/HF -0.05 (-0.10 to 0.00) -0.35 (-0.44 to -0.25) 0.24 (0.15 to 0.34) 0.16f

Values are expressed as the mean ± standard error. Statistical significance: aP<0.0001, highly significant; bP<0.05, significant; cP<0.01, moder-
ately significant. BA ratio: d BAr<0.01, excellent agreement; eBAr=0.01-0.1, good agreement; fBAr=0.1-0.2, moderate; gBAr >0.2, insufficient 
agreement. CC, correlation coefficient; CI, confidence interval; BA, Bland‑Altman; HR, heart rate; SD, standard deviation; SDNN, SD of 
normal beat intervals; LF, power in the low frequency band; rMSSD, square root of the mean squared differences of successive normal beat 
intervals; HF, power in high frequency band.
 

Figure 2. RR interval time series from ECG and PP interval time series from PPG waveforms in Fig. 1. (A) Paced respiration at 15 breaths/min; (B) breath 
holding. ECG, electrocardiography; PPG, photoplethysmography.

 A   B
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Figure 4. Bland-Altman plots between PRV and HRV for each index during apnea: (A) Mean interval; (B) HR; (C) SDNN; (D) SD2; (E) LF; (F) rMSSD; 
(G) SD1; (H) HF; (I) LF; (J) HF; and (K) LF/HF ratio. The solid line shows the mean, while the dotted lines indicate the upper and lower limits. PRV, pulse 
rate variability; HRV, heart rate variability; SD, standard deviation; SDNN, SD of normal beat intervals; LF, power in the low frequency band; rMSSD, square 
root of the mean squared differences of successive normal beat intervals; HF, power in high frequency band.

  A   B   C   D

  E   F   G   H

  I   J   K

Figure 3. Bland-Altman plots between PRV and HRV for each index during paced respiration. (A) Mean interval; (B) HR; (C) SDNN; (D) SD2; (E) LF; 
(F) rMSSD; (G) SD1; (H) HF; (I) LF; (J) HF; (K) LF/HF ratio. The solid line shows the mean, while the dotted lines indicate the upper and lower limits. PRV, 
pulse rate variability; HRV, heart rate variability; SD, standard deviation; SDNN, SD of normal beat intervals; LF, power in the low frequency band; rMSSD, 
square root of the mean squared differences of successive normal beat intervals; HF, power in high frequency band.

  A   B   C   D

  F  E   G   H

  I   J   K
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Discussion

Due to deficient methods of analysis and the diverse experi-
mental settings, the accuracy of HRV obtained from PPG 
is mostly incommensurable (5). The present study aimed 
to achieve a more universal conclusion on the accuracy of 
PRV. Different respiratory modes were used to stimulate the 
sympathetic and parasympathetic functions. The effect of 
respiratory-induced changes in sympathovagal balance on 
the agreement between PRV and HRV was then evaluated. 
Changes in the LF/HF of HRV indicated that there was a 
sympathovagal balance shift toward vagal predominance 
during paced respiration, but toward sympathetic predomi-
nance during apnea. In addition, the results demonstrated 
that during paced respiration, the other indices had an 
acceptable agreement (BAr<0.2) between PRV and HRV, 
with the exception of LF/HF that showed an insufficient 
agreement (BA r=0.25). The indices had very strong correla-
tions (CC>0.99) and PRV had a highly significant (P<0.001) 
increase for the majority of the variability indices, when 
compared with HRV. During apnea, the agreement of the 
indices ref lecting short-term variability (rMSSD, SD1 
and HF) was reduced and was below the acceptable limit, 
although statistically significant differences only existed in 
the SD2 and LF values between PRV and HRV.

The present study revealed that paced respiration resulted in 
the shift of the sympathovagal balance toward vagal predomi-
nance, and this result differed from the findings of a previous 
study indicating that no significant changes were observed 
in the spectral indices of HRV during paced breathing at 
0.25 Hz (11). The different findings may be due to the different 
physiological conditions. In the current study, the data during 
paced respiration were recorded in the first 3 min of the paced 
respiration. The subjects were in the adaptation of the new 
respiratory state, during which the cardiopulmonary and auto-
nomic nervous systems were in the process of establishing a 
new equilibrium state. By contrast, in the previous study (11), 
the subjects were trained to adapt the paced respiration prior 
to the data measurement and, in order to make the subjects 
comfortable, an adjustment within ±10% of 0.25 Hz respiratory 
frequency was used, while the data were recorded for 8 min. 
Thus, the autonomic nervous system was possibly much closer 
to a relatively stable state. However, other contradictory results 
have also been observed in previous studies, where the paced 
breathing increased parasympathetic activity during a ≤5 min 
time period (12,13).

The beat-to-beat variability of PTT is primarily respon-
sible for the possible difference between PRV and HRV. It 
has been verified that PTT variation had an inversely propor-
tional association with changes in blood pressure, which 
may result from the autonomic regulation on HR, cardiac 
contractility, vascular resistance and compliance (14). For 
spontaneous respiration at resting, during which sympathetic 
and vagal branches are in a relatively balanced state, PTT 
variability keeps a relative consistency with HRV; thus, 
PRV and HRV show good agreement for all HRV indices, as 
previous studies stated (15,16). However, the paced respira-
tion produced decreases in sympathetic activation that would 
lead to a reduction in variability of PTT (17). Based on this 
notion, the random error due to PTT variation decreases, and 

the difference between PRV and HRV indices tends to be 
constant. In the present study, the systematic discrepancy 
caused by different measurements became predominant, but 
remained within an acceptable limit. In the present study, a 
significant difference for long‑term and short‑term indices 
was observed between PRV and HRV and at the same time, 
BA r for most indices was <0.2 during paced respiration. 
The only exception was the LF/HF ratio that showed an 
insufficient agreement (BAr=0.25), which may be due to 
the notable decrease in the value of LF/HF. Specifically, the 
average of the pairwise means Apm during paced respiration 
became lower, so even if there was no increase in UL-LLr, 
(UL-LL)/2Apm was still high [see equation 5].

By contrast, apnea resulted in sympathetic predominance. 
Based on a previous study (17), the enhancement of sympa-
thetic activity during breath holding should have led to an 
increase in the beat-to-beat variability of PTT. Accordingly, 
the beat-to-beat discrepancy between RRI and PPI increased. 
Thus, the indices associated with short-term variability, 
including rMSSD and SD1 and HF, exhibited an insufficient 
agreement (BAr>0.2). However, the beat-to-beat minor 
differences had no significant impact on the overall charac-
teristics of PRV, and thus the other indices during apnea had 
an acceptable agreement between PRV and HRV.

The results from healthy subjects during apnea differed 
from patients with sleep apnea. A previous study stated that 
the short-term (2 min) variability indices (rMSSD and HF), 
the long-term variability index (SDNN) and the index associ-
ated with sympathovagal balance (LF/HF) between PRV and 
HRV showed significant differences during the obstructive 
sleep apnea events (18). Patients with sleep apnea usually 
develop circulatory disorders, such as arrhythmia, hyperten-
sion and heart failure (19), which may alter the PPG pulse 
characteristics (2). Thus, the pathological changes may lead 
to the different results. Nevertheless, the results from healthy 
subjects provide a reference for using PPG in sleep apnea and 
other diseases.

In conclusion, the results demonstrated that HR indices 
(mean and HR values), long-term variability indices (SDNN, 
SD2 and LF) and two proportional indices reflecting sympa-
thovagal balance of PRV (LF and HF) offer stable reliability 
regardless of respiratory mode. However, the agreement 
between PRV and HRV in terms of short-term variability 
(rMSSD, SD1 and HF) and LF/HF is susceptible to respira-
tory changes. Additionally, compared with spontaneous 
respiratory conditions, HRV presented significant and revers-
ible changes under paced respiratory and apnea conditions. 
Such opposite changes in HRV reflect the inverse autonomic 
nervous responses to different respiratory ways. Therefore, 
a more general conclusion may be obtained on the accuracy 
of PRV for healthy subjects. When long-term variability and 
sympathovagal balance increase significantly, the agreement 
for short-term variability indices between PRV and HRV 
would become insufficient, while the significant decrease of 
long-term variability and sympathovagal balance may result 
in a marginal inaccuracy of LF/HF. The results of this study 
presented the distinctive characteristics of PRV indices in 
different autonomic nervous states, which should be consid-
ered when applying PPG as an alternative approach of ECG to 
obtain HRV indices for the evaluation of autonomic function.
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