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Comparative analysis between PPG variability and
HRV during non-stationary tilt table test
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Abstract—In this study we assessed the possibility of using the
pulse rate variability (PRV) extracted from the photoplethys-
mography signal as an alternative measurement of the HRV
signal in non-stationary conditions. The study is based on the
analysis of the changes observed during tilt table test in the
heart rate modulation of 17 young subjects. First, classical indices
of HRV analysis were compared to indices from PRV in two-
minute intervals where stationarity was assumed. Second, time-
frequency (TF) analysis based on the Smooth Pseudo Wigner—
Ville distribution was used to compare the time-varying spectral
properties of both signals. Third, the effect of replacing HRV
with PRV in the assessment of the changes of the autonomic
modulation of the heart rate was considered. Classical time-
invariant HRV and PRYV indices were comparable, never statis-
tically different (p >0.05) and highly correlated (>0.97 ). Time-
frequency analysis revealed that: the TF spectra of both signals
were highly correlated (0.99+0.01); the difference between the
instantaneous power in LF and HF bands was small (<10~ 3s™2)
and their temporal patterns were highly correlated (0.98+0.04
and 0.9540.06 in LF and HF bands, respectively). Finally, the
instantaneous power in LF was observed to significant increase
during head-up tilting by both HRV and PRV analysis. These
results support the use of the PRV analysis to assess the temporal
pattern of the autonomic modulation of the heart rate, at least
during tilt table test.

Index Terms—PRYV, HRY, tilt table test

I. INTRODUCTION

Heart rate variability (HRV) analysis is one of the most
widely used non-invasive techniques for the evaluation of
the autonomic nervous system. Power spectral density of the
HRV exhibits oscillations related to the parasympathetic and
sympathetic activities [1]. The range between 0.04 and 0.15 Hz
(low—frequency component, LF) represents both sympathetic
and parasympathetic modulation, although an increase in its
power is generally associated with a sympathetic activation.
The range between 0.15 and 0.4 Hz (high—frequency com-
ponent, HF) corresponds to parasympathetic modulation and
is synchronous with the respiratory rate. Finally, the ratio
between the power in LF and HF bands is an index to evaluate
the sympatho—vagal balance controlling the heart rate [1].
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Pulse photoplethysmography (PPG) is a simple and useful
method for measuring the relative blood volume changes in the
microvascular bed of peripheral tissues and evaluating periph-
eral circulation. Pulse photoplethysmography has been applied
in many different clinical settings, including the monitoring
of blood oxygen saturation, heart rate, blood pressure, cardiac
output and respiration. Given its simplicity, low—cost and that
it is widely used in the clinical routine, it is desirable to
maximize PPG potential by exploring additional measurements
which can be derived from it.

It is generally accepted that PPG can provide valuable
information about the cardiovascular system. The autonomic
influences on PPG signal have been analysed in several studies
and recently pulse rate variability (PRV) extracted from PPG
has been studied as a potential surrogate of HRV [2], [3], [4].
The difference between HRV and PPGV is the time it takes the
pulse wave to travel from the heart to the finger. This time,
called the pulse transit time (PTT), is tie-related to arterial
compliance and blood pressure and changes beat to beat.

All the studies exploring the possibility of using PRV as
an alternative measurement of HRV have been performed in
stationary conditions using time—invariant analysis. However,
there are many situations where significant changes in au-
tonomic balance occur, as during orthostatic test, Valsalva
maneuver, exercise stress testing and after pharmacologic
interventions, which involve non-stationary processes. We
focused this study on tilt table test. In this test, after head—up
tilt, subjects undergo a progressive orthostatic stress and blood
pressure is maintained thanks to cardiovascular regulation,
which involves an increase in heart rate and a constriction
of the blood vessels in the legs. This slight tachycardia and
vasoconstriction are the result of sympathetic activation and
vagal withdrawal. When the supine position is restored from
the tilted stage, heart rate and vasoconstriction returns to
previous basal values together with sympathetic tone.

The aim of this work is to evaluate the usefulness of
PRV as a surrogate of HRV analysis during non-stationary
conditions, in particular, during tilt table test. Traditional time—
invariant analysis as well as time—frequency (TF) analysis
was performed to asses whether the PRV can be used in the
analysis of the autonomic modulation of heart rate in non—
stationary conditions.

II. MATERIAL AND METHODS
A. Data and preprocessing

Seventeen volunteers (age 28.5+ 2.8 years, 11 males)
underwent a head—up tilt table test according to the following
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protocol: 4 minutes in early supine position (77), 5 minutes
tilted head—up to an angle of 70 degrees (%) and 4 minutes
back to later supine position (73), see Fig. 1. The PPG signal
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Fig. 1. Head-up tilt test protocol. Table takes 18 s for tilting during

transitions, marked as lined area.

was recorded from index finger with a sampling frequency of
250 Hz, whereas standard lead V4 ECG signal was recorded
with a sampling frequency of 1000 Hz. The MP 150 (BIOPAC
Systems) was used to acquire both signals simultaneously.
Beats from ECG and pulses from PPG were detected to
generate heart and pulse rate time series. The temporal location
of each R wave in the ECG (#;,) was automatically determined
using the algorithm described in [5]. The PPG signal was
interpolated using cubic splines to increase the resolution in
time up to an equivalent sampling rate of 1000 Hz. Then,
the temporal location of each pulse wave in the PPG (¢;;) was
detected as the maximum of the PPG signal within the interval
[ts;+150 ms, 2, ]. In addition, a PPG artefact detector
[6] was applied to suppress pulses from PPG corresponding
to artefacts and beat and pulse detections were manually
supervised. Then, the effect of abnormal beats in both heart
and pulse rate was corrected by applying a methodology based
on the integral pulse frequency modulation model [7]. Heart
rate and pulse rate signals, dux(t) and dp (t), were obtained by
using a Sth order spline interpolation at 4 Hz of the inverse
interval function dy(t;):

1

(te; —te; 1)
1

(to; —te; 1)

Finally, the HRV and PRV signals, dygy(t) and deey(t), were
calculated by suppressing the time—varying mean heart rate
from dy(t) and dp(t). Mean heart rates were estimated by
low—pass filtering d,(t) and dpe(t) with a cut—off frequency
of 0.03 Hz.

dy” () = M

dy (t5) = 2

B. Time—invariant analysis

The Pearson’s correlation coefficient, defined as:
O

VC(97,¢7)C(gY, ¢Y)
where C' represents the covariance and ¢ is a general parameter
derived from HRV and PRV, was used for comparison between
both signals.

First, the Pearson’s correlation coefficient between the vari-
ability signals, dyp(t) and diy(t), pi', was calculated with
@° = duyp(t) and @Y = dpy(t) to evaluate their linear
relationship. Then, a classical time—invariant analysis was
performed in three windows (w;, we and ws) where station-
arity is assumed. These windows had a length of 2 minutes

p , z,y € {HRV, PRV}  (3)

and finished 30 seconds before any transition during the tilt
test, see Fig. 1. Classical time domain and frequency domain
indices were estimated in each window from both HRV and
PRV [1]:

e Time domain: Mean normal to normal interval (NN),
standard deviation of NN intervals (SDNN), root mean—
square of successive differences of adjacent NN inter-
vals (RMSSD) and percentage of pairs of adjacent NN
intervals differing by more than 50 ms (pNN50) were
estimated.

e Frequency domain: Fast Fourier Transform algorithm
with 2048 points was applied to dygy(t) and dpy(t) and
the power in low frequency band (P), high frequency
band (P,;:) and the LF to HF ratio (R, ) were estimated.

Each index from PRV (/™) was compared to the same
index from HRV (I"™), with I € {NN, SDNN, RMSSD,
pNN50, P, Pur, Ripr}- Three similarity indices were then
estimated: 1) the mean and standard deviation of the difference
d' = I™ — I"™, estimated among subjects; 2) the p—value of
the Student’s t—test, used to assess whether indices I™ and
I™ were statistically different; 3) the Pearson’s correlation
coefficient between indices I™ and I™, pl', was used to
measure their linear relationship.

C. Time-varying analysis

The smoothed pseudo Wigner—Ville distribution (SPWVD)
was used to estimate the time—varying spectral properties of
the HRV and PRV signals. The SPWVD of signal z(t) is
defined as [8]:

Se(t, f) = /OO /OO (1, 0) A (1,0)? 7 =ID dudr  (4)

Ax(r,v) = / x (t + %) z* (t — g) e I (5)
where A, (7,v) is the narrowband symmetric ambiguity func-
tion (AF) of signal 2(t). The kernel ¢(7,v) is a 2D weighting
function which performs the TF low—pass filtering necessary to
suppress the interference terms which reduce the readability of
the Wigner—Ville distribution. The analytical version of dypy (%)
and dpy(t) was used in (4)—(5) in order to further reduce
the interference terms [8]. We choose as kernel ¢(7,v) an
elliptical exponential function defined as [9]:

O(7, v 7o, 1) = ea:p{—ﬂ' K;’) + (:)] é} ©6)

Parameters 7, and v, were selected to have a frequency
resolution of 0.0313 Hz and a time resolution of 15 s.
Instantaneous power of HRV and PRV within each frequency
band, PF(t), with z € {HRV, PRV}, was obtained integrating
Sg(t, f) in the frequency bands B € {LFHF}. The simi-
larity between the temporal evolution of dygy(t) and dpgy (%)
was assessed by means of three indices: 1) the Pearson’s
correlation coefficient of P;(¢) and R},,.(t) estimated from
HRV and PRV, p[¥. These indices were estimated as in (3)
using ¢ € {P;(t), Rue(t)}. 2) the difference between the

instantaneous power of the two signals within each frequency
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band, d}'(t) = Py® (¢t)— Pi™(t). This index is used to compare
the temporal evolution of the spectral content of the signals.
3) the Pearson’s correlation coefficient between instantaneous
spectra of the two signals, pi'(t), is estimated at every time
instant ¢, as in (3) with ¢ = S, (¢, f). This index is used
to assess whether the signals are characterized by a similar
distribution of energy with frequency.

D. Physiological analysis

In this section, we assess the effect of replacing the HRV
estimation from the ECG with the PRV estimation from the
PPG, when the tilt table test is used to evaluate changes in the
autonomic modulation of the heart rate.

In time—invariant analysis, Student’s t-test was performed
to compare variations of spectral indices (P;’) among windows
w1, we and ws, estimated from both HRV and PRV signals. In
time—varying analysis, we quantified the statistical differences
between the baseline power content Pz and the power content
att,, P (t,), by iteratively performing the Student’s t-test. The
baseline power content Pz was estimated by averaging P=(t)
in an interval Ty, selected at 77 from 15 to 45 s (see figure
1). As result of the test we obtained a time—varying p-value,
pZ(t), for both HRV and PRV signals.

ITI. RESULTS
A. Time—invariant analysis

The correlation between the variability signals, i.e. dygy ()
and dpy (1), pi', was 0.964+0.030 (mean + S.D.). The mean
delay of dpy(t) with respect to digy(t), introduced by the
pulse wave travel to the periphery, was taken into account in
the estimation of parameter p]', so both signals were aligned.
Table I and Fig. 2 show comparison of classical time and
frequency indices derived from HRV and PRV within each
analysis window. All the indices derived from PRV presented
similar values to the indices derived from HRV. Statistical
test proved that there were no significant differences between
indices of HRV and PRV (p> 0.05). In addition, as shown in
Table I, correlation coefficients indicated a strong correlation
(p* > 0.97) for all indices but one (R pye in w2).

B. Time—varying analysis

The correlation between the instantaneous power in each
frequency band from both signals, was p]} = 0.98 + 0.04,
Prv = 0.95 £ 0.06 and pY,. = 0.97 £ 0.03. Global results,
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Fig. 2. Mean®SD of NN, SDNN, RMSSD, pNN50, Pir and Py derived

from HRV and PRV within each window w.

TABLE 1
TIME-INVARIANT ANALYSIS RESULTS

Condition Indice difference (d]") p (T-test)  Correlation (p]")
Supine (w1) NN (s) -0.00038+0.00133 0.995 1.000
SDNN (s) 0.00064+0.00187 0.933 0.997
RMSSD (s) 0.00026+0.00186 0.978 0.998
pNNS50 (%) -0.6896942.31389 0.915 0.994
LF (s?) 0.00009+0.00015 0.859 0.997
HF (s) 0.00008+0.00013 0.840 0.996
LF/HF (n.u.) -0.1203440.19607 0.845 0.996
Upright (w2) NN (s) 0.00116+0.00281 0.982 1.000
SDNN (s) 0.00153+0.00256 0.886 0.997
RMSSD (s) 0.00253+0.00195 0.765 0.998
pNNS50 (%) 1.58688+2.32206 0.774 0.992
LF (s?) 0.000334-0.00044 0.899 1.000
HF (s) 0.0003+0.00038 0.565 0.981
LF/HF (nu.) -1.5199442.18202 0.375 0.924
Supine (w3) NN (s) 0.0014740.0041 0.983 1.000
SDNN (s) -0.00029+0.00458 0.972 0.984
RMSSD (s) -0.000424-0.00841 0.965 0.970
pNNS50 (%) 1.55752+2.02452 0.807 0.994
LF (s?) 0.00004+-0.00009 0.932 0.998
HF (s2) 0.00006+0.00011 0.864 0.996
LF/HF (n.u.)  -0.1039440.24364 0.813 0.985

obtained by averaging among subjects the similarity indices
presented in section II-C, are reported in Fig. 3. In panels (a)—
(b), the instantaneous power within each frequency band from
HRYV and PRV and the corresponding instantaneous difference
are shown, respectively. Note that mean time—course of PI™(¢)
and P;™(t) presented the same temporal patterns, even if with
a bias which increases during tilt. Panel (c) shows the mean
trend of the instantaneous correlation py'(¢) between the power
spectral density functions derived from HRV and PRV. In the
same panel we report p;'(¢) for the subject who presented
more artefacts in the PPG signal (subject 1). It is shown that
artefacts provoked an abrupt decrease in pg’ (t).
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Fig. 3. Mean trend estimated by averaging among subjects. (a) Pi®V(t) and
PPRV(t) from HRV (continuous line) and PRV (dash—dotted line); (b) di.¥ (t)
in LF band (grey line) and HF band (black line); (c) Instantaneous correlation
ps¥ (t) between the power spectral density functions derived from HRV and
from PRV (solid line). Index pg"(t) and artefacts in PPG for subject 1 are
reported in dashed line and cross marks, respectively.

C. Physiological analysis results

Results of the time—invariant and time—varying analysis are
reported in Table II and Fig. 4, respectively. It is shown
that P, significantly increased as response to the orthostatic
stress provoked by the head—up tilt. Student’s t—tests presented
similar results for both PRV and HRV signals.
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TABLE I
TIME—INVARIANT PHYSIOLOGICAL ANALYSIS RESULTS (p VALUES)

PR | wq wa w3 P | wq wa w3
w1 1 0.047 0.207 w1 1 0.569 0.7
w2 - 1 0.021 w2 - 1 0.352
w3 - - 1 w3 - - 1

PRV | wy wa w3 PRRY
w1 1 0.046 0.194 w1
wa - 1 0.02 wa
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Fig. 4. Time-varying physiological analysis results. Temporal evolution of
(a) the p—value p¥.(¢) and (b) pii:(¢). Baseline values were estimated in the
temporal window marked as grey area, Tggr.

IV. DI1SCcUSSION AND CONCLUSION

Table I and Fig. 2 show that classical time and frequency
indices derived from PRV presented similar values to the
indices derived from HRYV, with no statistically significant dif-
ferences between them (p > 0.05) and strong linear correlation
(p" > 0.9). Generally, during early and later supine position
we observed a higher similarity between these indices than
during head—up position.

During tilt table test we observed high similarity between
the patterns of response of the HRV and PRV signals. The
global results reported in Fig. 3 show that the instantaneous
power content of the PRV is slightly higher (d™¥ () < 1073 s?)
than the instantaneous power content of the HRV signal. The
temporal evolution of the similarity index d}'(¢) was almost
the same in both frequency bands. It is worth noting that during
the highest non—stationary intervals (i.e. transitions where table
was tilting), di¥(t) did not increase. Their temporal evolution
was highly correlated, i.e. P™(t) and P (t) followed the
same trend. The correlation between the instantaneous spectral
densities of the two signals, pi'(t), was also very high, being
the temporal average of the mean and standard deviation
among subjects 0.99 £ 0.01. The small decreases of pg'(t)
were due to the presence of some artefacts in the PPG signal.

In both time—invariant and time—varying analysis we ob-
served a positive bias in the measurement of spectral indices
from PRV. This bias was observed to increase during head—up
tilt. Our hypothesis is that this could be due to the variability
introduced by PTT.

From both time—invariant and time—varying analysis we
observed a statistically significant increase of the power con-
tent in LF band of HRV and PRV during head—up position.
Simultaneous inspection of figures 3(a) and 4(a) reveals the
transient nature of the autonomic response to orthostatic stress.
It is shown that the variations in P,:(¢) provoked changes

in the temporal pattern of p—values. First, immediately after
the head-up tilt, p*.(¢) dramatically decreased; then, during
T5, p*.(t) continued gradually diminishing, reaching statistical
significance about 2 minutes later; finally, when the supine
position was restored pZ(t) abruptly increased to previous
values. Moreover, as also shown in figure 4(a) the power
content within LF band during early and later supine positions
did not present any relevant difference, pointing out that
recovery was fast. The power content in HF band did not
present any significant change. Finally, it is worth noting that
there was agreement between the physiological analysis based
on HRV and PRV. This suggests that in this particular test
PRV could be used as a surrogate measurement of HRV to
evaluate the autonomic modulation changes of the heart rate.

It is well established that PPG measurements are quite
sensitive to patient and/or probe-tissue movement artefact.
Thus the presence of motion artefacts is one of the most
important limitations of the use of the PRV signal as surrogate
of the HRV signal.

In conclusion, our results indicate that there are some small
differences in the time—varying spectral indices extracted from
HRV and PRV, mainly in the respiratory band. Nevertheless,
these differences were sufficiently small to suggest the use of
the PRV signal as an alternative measurement of HRV signal
during non-stationary conditions, at least during tilt table test.
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