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ABSTRACT

Besides heart rate and arterial blood pressure, several parameters of the cardiovascular system fluctuate
spontaneously. In the current study, the fluctuations of tissue blood content and blood volume pulse were
investigated using two parameters of the photoplethysmographic (PPG) signal: the parameter BV, defined by:
BV=Const-BL where BL is the baseline of the PPG signal, and the amplitude (AM), which are related to the
blood volume and to the systolic blood volume increase, respectively. The PPG measurements were per-
formed on the fingertips of ten healthy male subjects for 5 to 10 min and the PPG signal was digitally
analyzed. Both BV and AM show low frequency fluctuations, which, for 23 out of 26 examinations, were
positively correlated, with a lag of BV relative to AM. In three examinations, however, the two parameters
were inversely correlated. A lower correlation was found between each of these parameters and the PPG
period, which is actually the cardiac period. The results show that several mechanisms are involved in the
spontaneous periodic fluctuations in the vascoconstriction level, which are known to be mediated by the
sympathetic nervous system. The digital PPG provides, therefore, a potential tool for evaluating the role of
the sympathetic nerves in the regulation of the microcirculation.

Keywords photoplethysmography; heart rate variability; tissue blood volume; blood volume pulse; sympa-

thetic nervous system.

1 BACKGROUND

1.1 SPONTANEOUS FLUCTUATIONS IN THE
CARDIOVASCULAR SYSTEM

Various parameters of the cardiovascular system
show spontaneous oscillations in well-defined fre-
quencies. Heart rate variability (HRV), which is the
spontaneous fluctuation of the heart rate (or the
cardiac cycle period) around its mean value, is as-
sociated with activity of the autonomic nervous
system. The power spectrum of HRV is mainly
composed of three frequency ranges: low and me-
dium frequencies (below 0.05 Hz and at about 0.1
Hz, respectively) which are attributed to the activ-
ity of the sympathetic and the parasympathetic ner-
vous systems, and high frequency (around 0.3 Hz),
which is caused by the influence of respiration on
the cardiovascular system via the parasympathetic
nervous system.'™ Similar oscillations are also ob-
tained in arterial blood pressure measurements,
both during the respiratory period and during
longer periods."*”
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Spontaneous fluctuations were also found for
other parameters of the peripheral blood circulation
system. Burton® used air plethysmography to con-
tinuously measure the blood content in the finger-
tip and its blood volume systolic pulse and found
low-frequency fluctuations in these parameters
which were proved to be related to the sympathetic
nervous activity. In a recent study,’” ultrasound
Doppler velocity was measured in the brachial ar-
tery simultaneously with continuous measurement
of arterial blood pressure in the finger, showing an
inverse correlation between the two parameters.
Oscillations were also found in the average value of
the photoplethysmographic (PPG) signal, and in
that of laser Doppler flowmetry, showing correla-
tion between the two signals, which are related to
tissue blood volume and tissue blood flow,
respectively.® In another study,’ the fluctuations in
tissue blood flow measured by laser Doppler flow-
metry were compared with those of the pulsatile
PPG signal, and a positive correlation was found
between the two parameters.
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1.2 PHOTOPLETHYSMOGRAPHY

The PPG signal has two components: the baseline
of the PPG pulse and the pulse itself, sometimes
called the dc and the ac components, respectively.
The baseline of the PPG signal is inversely related
to the blood volume in the tissue under examina-
tion, since higher blood volume results in higher
absorption of the light. The pulsatile component of
the PPG signal mainly depends on the tissue blood
volume increase during systole,”'® which is deter-
mined by the difference between the amounts of
blood flowing into the tissue and out of it during
systole. During systole, when blood flows into the
tissue, a portion of tissue blood volume is drained
from the tissue via the venous system, and that por-
tion depends on the compliance and the resistance
to flow of the blood vessels.'"'* The systolic in-
crease in tissue blood volume depends, therefore,
on the tissue blood flow waveform (which depends
on the local arterial blood pressure waveform) and
on the vascular compliance and resistance. The PPG
pulsatile amplitude also depends on the tissue
blood content (in addition to its effect on the vascu-
lar compliance) since the light absorption by the
blood results in attenuation of the PPG pulse.

In a previous study,'*'* the PPG signal in the fin-
gertip was measured and three parameters were
digitally derived for each pulse: its baseline, its am-
plitude, and the cardiac cycle period. The power
spectrum of the spontaneous fluctuations in these
three parameters showed significant low-frequency
fluctuations for the baseline and amplitude curves.
Fluctuations in medium and high frequency also
appeared for these curves, but they were smaller
than the corresponding fluctuations in the cardiac
cycle period. In the present study, the low-
frequency fluctuations of the baseline and ampli-
tude of the PPG signal and its period were exam-
ined in the time domain, and the correlations
between them were investigated.

2 MATERIALS AND METHODS

Reflection photoplethysmographic examinations
were performed on the palmar surface of the index
fingers of 10 male subjects aged 21 to 64 years. The
subjects were seated during the examination, which
lasted for 5 to 10 min, with their hands comfortably
laid on a table, at heart level. Two to four examina-
tions were performed on each subject. Room tem-
perature was 21 to 24 °C.

The PPG probe consisted of a light-emitting di-
ode (LED) of 840 nm (OP295, Optec) as a light
source, and a photodetector (51223-01, Hama-
matsu), located 13 mm apart. For this distance be-
tween the light source and the photodetector, the
amplitude of the PPG pulse was 2 to 5% of the av-
erage light measured by the detector. The PPG sig-
nal from the detector was amplified, sampled by an
A/D card (100 samples per second), and the data
stored in the computer memory. After the examina-
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Fig. 1 Typical PPG signal. BL, baseline of the pulse; AM, its am-
plitude; P, its period.

tion, the data was automatically analyzed for the
detection of the end-diastolic maximum and the
systolic minimum in each PPG pulse signal. Then,
for each pulse, the three parameters shown in Fig-
ure 1, the baseline of the curve (BL), its amplitude
(AM), and period (P) were determined. Note that
the PPG signal is not inverted (as is usually done
when the PPG curve is presented) and decreases
during systole, according to the intensity of the
scattered light from the tissue. The baseline of the
curve, BL, is inversely related to the blood volume
in the tissue, so that qualitative assessment of the
latter can be provided by the parameter BV, given
by: BV=Const-BL, where Const is some arbitrary
constant chosen so that BV values are positive.
Const can be arbitrary since only the fluctuations of
BV were examined, while the absolute value of the
baseline was used only in order to show that the
PPG signal and its variability were small relative to
the average baseline value.

This study was aimed at examining the low-
frequency fluctuations in the value of BV, AM, and
P (which are of a 30-50 s period). Both lower and
higher frequency fluctuations were filtered out. The
relative high frequencies were reduced by using the
smoothing method of the moving average, with lin-
ear decrease weights, of 15 adjacent points (each
point being related to a single heart pulse). Fluctua-
tions of very low frequency that occur as a result of
physiological or emotional activity'> were reduced
(trend removal) by performing, for each parameter,
a 151-point moving average curve and subtracting
it from the original curve. The averaging over 151
points was found to be effective for eliminating the
very slow variations while minimally affecting the
low-frequency fluctuations that were studied.

For four subjects, the PPG examination was per-
formed simultaneously with ECG in order to check
the reliability of the cardiac cycle period measure-
ment by PPG. Both signals were then sampled (150
samples per second) and the ECG R-R intervals
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Fig. 2 Plot of simultaneous measurement of ECG RR intervals and
PPG pulse intervals as a function of time, for one of the subjects.

were compared with the PPG maximum-to-
maximum intervals.

3 RESULTS

The simultaneous measurement of the cardiac cycle
period by ECG and PPG provided similar results,
as shown in Figure 2, which presents the raw data
without smoothing and trend removal for one of
the subjects. The correlation coefficient of the re-
sults obtained by the two methods was 0.98 to 0.99,
indicating that the PPG period variability actually
represents the ECG R-R interval variability.

The PPG signal for all the subjects showed vari-
ability in its baseline, amplitude, and period. The
PPG signal was 2 to 5% of the average baseline
value, and typical relative fluctuations in its ampli-
tude were 20 to 30% of the amplitude value. Typical
baseline fluctuations were 3 to 5% of the average
baseline. The average baseline was determined
from the original pre-filtering data. Since the rela-
tive changes in the transmitted light are small, a
linear relationship between the latter and the blood
volume changes can be considered. The spontane-
ous fluctuations in the values of BV, AM, and P for
one of the subjects are seen in Figure 3(a). Both
high- and low-frequency variability appears in all
the curves but the low-frequency fluctuations are
more pronounced in the BV and AM curves while
the high-frequency fluctuations dominate the P
curve. The BV and AM curves show a high level of
correlation which can be better seen after smooth-
ing the curves and filtering out the high-frequency
fluctuations. Figure 3(b) shows the curves of Fig.
3(a) after the smoothing of 15 adjacent points,
which reduces the high- and medium-frequency
fluctuations, and emphasizes the low-frequency
ones.
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Fig. 3 The curves of BV, AM, and P as a function of pulse number
for one of the subjects, after trend removal, before (a) and after (b)
smoothing. The high-frequency fluctuations in (a) are in the respira-
tion rate.

The interdependence among the three parameters
in the former examination is shown in Figure 4,
which presents the cross-correlation function be-
tween each pair of the three parameters. The corre-
lation coefficient for BV versus AM dependence is
highest (r=0.94) for the correlation between BV(n
+4) and AM(n). The correlation is lower, but sta-
tistically significant, for the BV and AM versus P
curves. However, in other examinations performed
on the same subject, different correlation patterns
were found. Figure 5 presents the results from an-
other examination of the same subject as that in Fig.
3 which shows a negative correlation for BV versus
AM curves, and Figure 6 presents an examination
of the same subject in which different patterns of
correlation can be found in the initial and final pe-
riods of the same examination. Under each set of
curves, the cross-correlation function between BV
versus AM curves is presented [Figs. 5(b) and 6(b)].

The relationship between BV and AM could vary
considerably among different examinations per-
formed on the same subject, but for 23 out of the 26
examinations, the correlation coefficient was posi-
tive and for 17 of them the correlation coefficient
was above 0.80. In some examinations it could be
seen that the low correlation coefficient originated
due to short periods of negative correlation coeffi-
cient, as was shown in Fig. 6. In order to determine
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Fig. 4 The cross-correlation function for each pair of the three
parameters—BV, AM, and P for the examination presented in
Fig. 3.

the lag between AM and BV curves, and in order to
correlate P and BV and AM, examinations of high
positive correlation were selected. For each subject
an (continuous) epoch of at least 300 pulses, in
which the highest correlation coefficient of BV ver-
sus AM curves was found, was chosen, and for that
epoch the correlation coefficients of the BV versus
AM, BV versus P, and AM versus P curves were
determined and are presented in Table 1. The table
shows that all the subjects had epochs of high cor-
relation between BV and AM (average maximum
correlation coefficient is 0.92+0.03), and that the BV
curve lags behind the AM curve by 2 to 8 heart-
beats. The slope of the BV versus AM curve is 3.14
to 5.06, i.e., the BV fluctuations are 3 to 5 times
higher than those of AM. In most of the other ex-
aminations performed on the same subjects (not
shown in the table), the correlation coefficient of BV
versus AM was positive (range 0.16 to 0.92), but for
three examinations it was negative (range —0.62 to
-0.82).

The correlation between P and BV or AM, for the
examinations shown in Table 1, is lower than the
correlation between BV and AM. Table 1 shows the
correlation coefficients between BV or AM and P
with the corresponding lag. The last examination in
the table is the only one that had a different sign for
the two correlations, and in this examination the
correlation coefficients have relatively low absolute
value. For the other subjects both BV and AM
showed either positive (6 subjects) or negative (3
subjects) correlations with P, with an absolute cor-
relation coefficient of 0.25 to 0.84. For all the sub-
jects, the correlation coefficient for AM versus P

226 JOURNAL OF BIOMEDICAL OPTICS ¢ APRIL 1996 ¢ VoL. 1 No. 2

£
G
[
b
or
>
m
Il i L
0 100 200 300 400
PULSE NUMBER, n
1.0 : :
£ b
m
S osh i}
3
= AN
E oo
)
2 05| i
o
o}
1.0 l J
200 -100 0 100 200

LAG

Fig. 5 (a) The curves of BV, AM, and P as a function of pulse
number after trend removal and smoothing for the same subject as
in Fig. 3, in a different examination; (b) the cross-correlation func-
tion for BV versus AM curves.

curves was higher than that for BV versus P curves.
It should be noted that even for subject 10, the cor-
relations with P are statistically significant (P<0.01
for BV, and P<0.005 for AM). For all other subjects,
the correlation with P has higher significance (P
<0.0001).

4 DISCUSSION

In this study, photoplethysmography was used to
evaluate low-frequency spontaneous fluctuations in
tissue blood volume and the blood volume pulse in
the fingertip. Similar low-frequency variability was
found in heart rate and blood pressure measure-
ments, and it was associated with fluctuations in
the constriction level of the arterial system, medi-
ated by the sympathetic nervous system. The low-
frequency fluctuations that appear in the heart rate
are indirectly related to vasoconstriction variability,
either because both are directly affected by sympa-
thetic nervous activity or because an increase in the
vasoconstriction level of blood vessels increases
blood pressure, which reduces sympathetic ner-
vous activity through a negative feedback mecha-
nism that is mediated by the baroreceptors.'*®16
Arterial blood pressure variability provides more
direct assessment of autonomic nervous system
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Fig. 6 (a) The curves of BV, AM, and P as a function of pulse
number after trend removal and smoothing for the same subject as
in Fig. 3, in a different examination; (b) the cross-correlation func-
tion for the initial part of the BV and AM curves; (c) the cross-
correlation function for the final part of the BV and AM curves.

control on the peripheral blood vessels than does
HRYV, but its measurement is performed either in-
vasively, using an arterial catheter, or noninva-
sively but less accurately, using arterial compres-
sion. In both methods, the examination procedure
may influence the arterial system, so that its fluc-
tuations are not necessarily spontaneous.

In the current study, the PPG signal was obtained
from the fingertips of ten subjects, and three param-
eters were derived from each pulse: BV, which is
directly related to the tissue blood volume; AM,
which assesses the systolic blood volume pulse; and
P, the cardiac cycle period. All these parameters
showed fluctuations in both low and high frequen-
cies, but the relative intensity of the fluctuations in
the two frequency ranges was different. The cardiac
period curve fluctuated intensively in the high res-
piratory frequency, while the BV and AM curves
showed higher fluctuations in the low-frequency
range of a 30 to 50 s period. These results are
in accord with those associated the low- and the
high-frequency heart rate fluctuations to the sym-
pathetic and the parasympathetic nervous systems,
respectively.'?* Since the parasympathetic nervous
system mainly influences the heart, the variability
in the high respiration frequency is expected to

LOW-FREQUENCY VARIABILITY IN THE BLOOD VOLUME PULSE

Table 1 Maximum correlation coefficients and the corresponding
lags for the cross-correlation functions of BV versus AM, BV versus
P, and AM versus P, and the values of the lag for maximum corre-
lation.

BV vs. AM BV vs. P AM vs. P
Subject
No. lag Slope R Lag R Lag R
1 2 349 098 O -0.44 -2 -0.42
2 4 468 091 6 -0.39 2 -0.25
3 3 356 091 10 030 3 0.49
4 6 417 089 12 055 6 0.65
5 8 506 089 4 -0.66 -4 -0.52
6 2 3.14 087 -6 0.60 -5 0.60
7 5 3.06 094 10 0.47 4 0.63
8 4 427 096 7 065 2 0.70
9 5 475 091 7 076 1 0.84
10 5 398 089 3 -0.13 -6 0.15

Av. 44 402 092 53 0.17 0.10 0.28
SD. 1.8 069 030 54 052 4.1 0.51

have a strong effect on the P curve. The BV and AM
values have pronounced fluctuations in the low fre-
quency since both directly depend on the constric-
tion and relaxation levels of the blood vessels,
which are predominantly affected by the sympa-
thetic nervous system.17

The decrease of AM, the systolic blood volume
pulse, during periods of higher sympathetic ner-
vous activity is due to the higher active constriction
of the arteries and arterioles, which lowers their
compliance.'®?’ In most examinations, when a posi-
tive correlation between BV and AM was found,
this higher arterial and arteriolar constriction also
resulted in a reduction in tissue blood volume. This
effect cannot be associated with the decrease in the
arterial and arteriolar volume alone, which is the
immediate result of the vessel constriction, since the
BV fluctuations lag behind the AM fluctuations by 2
to 8 beats. The decrease in BV during the higher
sympathetic activity should be attributed to the
lower blood flow through the constricted arterioles,
the resistance vessels, or the arteriovenous anasto-
moses (AVAs), resulting in a decrease in venous
blood content. In a few examinations, however, the
correlation between BV and AM changed to nega-
tive: the decrease in the systolic blood volume pulse
was accompanied by an increase in the tissue blood
volume. This inverse relationship between BV and
AM can be interpreted by assuming a selective
sympathetic constriction of the arterioles (the resis-
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tance vessels) and the AVAs, while the arteries are
not actively constricted. The increased resistance of
the constricted arterioles results in a reduction of
blood flow through them and higher blood volume
in the arteries which convey blood to the arterioles.
If the blood volume increase in the arteries is higher
than the decrease in venous blood content, the total
blood volume in the tissue increases. The arterial
blood volume increase results in simultaneous
higher light absorption and higher values of BV
with lower values of AM, due to the lower
compliance'>*'? of the passively distended arter-
ies.

It should be noted that the negative correlation
between BV and AM can be partly explained by the
higher attenuation of the PPG signal for higher tis-
sue blood volume. However, the small spontaneous
changes in blood volume—typically 3 to 5% of the
total blood volume—cannot account for the rela-
tively high changes in AM—typically 20 to 30% of
AM. There are also other phenomena that can con-
tribute to the positive and negative correlations be-
tween BV and AM, and more studies should be per-
formed in order to find out the contribution of each
mechanism.

In previous studies the pulsatile or the average
PPG signal was correlated with either the skin
blood flow, measured by laser Dopg)ler
flowmetry®® or with arterial blood pressure.'® In
another study,’ the air plethysmographic signal
was correlated with arterial blood pressure. The
study of the degree of correlation between the pul-
satile PPG signal and its baseline has the advantage
that both are measured at the same site.

The correlation between BV and AM versus P
curves is even more complicated. The increased
sympathetic nervous activity, which increases the
constriction level of the arterioles, also has a direct
effect on the heart, increasing the heart rate.'®
Hence, for the majority of the examinations, the de-
crease in BV and AM was accompanied by a de-
crease in the PPG period P (i.e., the cardiac period),
as can be seen in Fig. 4 and Table 1. Similar results
were obtained by Burton,® who found that a de-
crease in the plethysmographic signal was accom-
panied by a rapid increase in heart rate, and by
Shimada and Marsh,** who found a positive corre-
lation between mean arterial blood pressure and
heart rate in conscious dogs. It should be noted that
a positive correlation between AM and P can be
also attributed to the passive effect of decreased
PPG amplitude and arterial pulse for decreased
heart period. In our study, however, a negative cor-
relation between P and AM or BV was found in
some of the examinations. For the subjects who
showed this result, a different physiological mecha-
nism should be used to interpret the results. It
seems that the increased constriction of the blood
vessels due to the local regulation mechanism
causes an increase of arterial blood pressure, which,
via the negative feedback mechanism of the barore-
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ceptor reflex and the central autonomic nervous
system, tends to decrease heart rate.'*'> A similar
mechanism was suggested by Burton® to explain
the subsequent decrease of the heart rate after its
initial increase during peripheral vascular constric-
tion.

The regulation of the cardiovascular system by
the autonomic nervous system is complex and com-
posed of multiple components so that several
physiological measurements are required in order
to obtain adequate information on the different
components of the two systems and their interrela-
tionship. The measurement of the low-frequency
fluctuations in tissue blood volume, systolic blood
volume pulse and heart period, together with the
correlations between them, seems to provide a po-
tential tool for better understanding the sympa-
thetic nervous control of the peripheral circulation
and evaluation of its function. Though photopl-
ethysmography is not appropriate for quantitative
measurement of tissue blood flow or the systolic
blood volume pulse in absolute terms,'® it can still
be used as a simple and convenient means to assess
the fluctuations of tissue blood volume, the systolic
blood volume pulse, and the temporal relationship
between them.
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