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Abstract

In the present study, our aim is to investigate whether responses to the head-up tilt (HUT) on nonlinear properties of heart
rate variability (HRV) in young and elderly subjects are different or not. Thirteen young-healthy subjects (24.5 + 3.7 years)
and 18 old-aged healthy subjects (74.5 + 7.4 years) participated in this study. An electrocardiogram (ECG) in the supine
posture, at 0°, and in the standing posture, at 70° of head-up tilt, was recorded. Detrended fluctuation analysis (DFA) and
approximate entropy (ApEn), measures of short-/long-term correlation properties and overall complexity of heart rate (HR)
respectively, along with spectral components of HR variability (HRV) were analyzed for both the supine and HUT postures.
We observed that the short-term fractal exponent o, increased during HUT posture (F(1, 29) = 39.79, P = 0.000), especially,
the young subjects showed a significantly higher values compared to the elderly subjects. ApEn significantly decreased (F(1,
29) = 8.61, P = 0.008) during HUT posture. HUT posture decreased the complexity in HR dynamics and increased short-
term fractal exponent values in young subjects but not in elderly subjects. These results imply that there are differences of

response to HUT on nonlinear properties between young and elderly subjects.
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. . HRV increases during tilting, which suggests an
commonly used noninvasive methods to evaluate ] . . 23
R . . increase in sympathetic outflow.”
autonomic regulation of heart rate and conditions of a

human heart. The head-up tilt (HUT) test is a

standardized physiological stimulus used to investigate

Since nonlinear properties are involved in the genesis
of human HR fluctuation,*® the nonlinear measures of

. . . . complexity have been used to probe features in HR
the neurocardiogenic condition, and addresses the ability . 3 . L
. ) . . behavior.” The complexity of the human physiological
of the cardiovascular circulation to deal with a sudden L. . . .
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. . . good health,”" can be analyzed quantitatively by
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HUT."” During HUT test, the heart rate (HR) increases o . . .
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and the high-frequency (HF) power of RR intervals 113

various nonlinear methods. In addition, the HRV

and the nonlinearity of
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E-mail: wskim@kriss.re-kr HUT test, the nonlinear analysis of HRV produces a



different result between patients with essential
hypertension and normal subjects.'*

The aging of a human organism has been in the focus
of attention over the past years. One of the most
significant systems of vital activity of a human body is

its cardiovascular system, so there are many studies on

the biological aging of the cardiovascular human system.

At rest, elderly subjects show increased sympathetic and
decreased parasympathetic activity.”'” According to the
research on age dependency of cardiovascular
autonomic responses to HUT, the HUT-induced
increase in HR was more pronounced in the younger
subjects, whereas the increase in peripheral resistance
was predominantly observed in the older subjects.* The
HUT test reveals that the dynamic capacity of cardiac
autonomic regulation decreases as the age increases in
healthy subjects."

Although previous studies have reported the
responses to HUT, there is less understanding about the
effects of HUT on the nonlinear properties of HRV in
young and elderly subjects. In other words, considering
the impact of age on the cardiovascular autonomic
activity including the nonlinear properties, the different
responses to HUT of nonlinear properties in young and
elderly subjects will be expected. Therefore, our aim is
to investigate whether responses to the HUT in young
and elderly subjects, especially in nonlinear properties of
HRV, are different or not. To achieve this aim, we
recorded the electrocardiogram (ECG) signals for young
and elderly subjects during HUT test, and then used
linear and nonlinear measures such as the fractal scaling
exponents by detrended fluctuation analysis (DFA) and
approximate entropy (ApEn) to compare the nonlinear
properties of HRV in elderly subjects with those in
young subjects.

Materials and methods
Subjects

The volunteers we recruited were aged 20 to 30 years
for the young subjects and 60 to 90 years for the elderly
subjects. They were informed of the aim and the
protocol of the study, and gave their written consent.
Originally, 20 young subjects and 50 elderly subjects
participated, but we excluded 7 young subjects and 32
elderly subjects from the HRV analysis because they
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were smokers, took medication and caffeine, or had
clinical problems. We therefore ended up with 13 young
subjects (age: 24.5 + 3.7 years; 6 males, 7 females) and
18 elderly subjects (age: 74.6 = 7.4 years; 9 males, 9
females). None of the subjects had taken any medication
for at least one week before this experiment. All of the
participants were tequested not to drink caffeinated
beverages for up to 12 hours before this experiment.

Table 1 shows the clinical characteristics of the subjects.

Table 1. Age, gender, and body mass index of the study

population
Young Elderly
n 13 18
Age (years) 245+3.7 746 74
Male/Female 6/7 9/9
Body mass index 20323 237+34

(kg/m?)

Values are means + standard deviation

Study protocol

We started the experiment at least 2 hours after the
participants’ last meal, between 9:30 am. and 11:30
a.m., in a quiet, dimly lit room (with a temperature of 23
+ 17C). After entering the experimental room, which
was shielded from electromagnetic waves, each
participant laid on the HUT test table in a supine posture
(0° from the horizontal line). We instructed each
participant about the expetimental procedure, and
attached the electrodes for the ECG according to the
lead 11 method. We used an electrocardiograph (Biopac
MP-100 system, USA) to record the ECG signal. After
finishing up the measurement preparation and adaptation
period, we started to record ECG signals continuously
during the experiment. During recording the signals, we
asked the subjects to keep awake.

Participants were maintained in a supine posture in the
tilt table for 10 min (baseline recordings), after then the
tilt table was inclined to 70° head-up within 1 min and
maintained the tilt state for 10 min (HUT posture
recording), finally the tilt table returned back to the

horizontal line to prepare next experiment. Fig. 1
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presents the whole experiment procedure, and Fig. 2
shows the supine posture (left in Fig. 2) and the head-up
tilt posture (right in Fig. 2).
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Figure 1. Schematic diagram of experimental procedure.

Figure 2. Supine posture (left) and Head-up tilt posture
(right).

In this electrocardiograph, the measured analog signal
was converted to a digital signal with a sampling
frequency of 500 Hz and a resolution of 4.88 pnV/LSB.
We extracted the R-peaks from the ECG recordings based
on Thomkin’s algorithm.'® RR interval data was analyzed
during a 5-min baseline period just before head-up tilt
when subjects rested supine and during a 5-min period
just after HUT when subjects were tilted to 70°. We
edited all RR intervals in order to exclude all ectopic
beats or artifacts, and RR intervals time series were
resampled at a rate of 4 Hz to obtain power spectral

density.

Linear spectral analysis

After calculating the mean HR (beat/min) from the
ECG signal, we used fast Fourier transformation to

obtain the power spectrum of the RR intervals. We then

Tilting
Driver

defined the various areas of spectral peaks as follows:
the total power (TP), 0 Hz to 0.4 Hz; very low frequency
(VLF) power, 0 Hz to 0.04 Hz; low frequency (LF)
power, 0.04 Hz to 0.15 Hz; and high frequency (HF)
power, 0.15 Hz to 0.4 Hz. The TP, which is a useful tool
for detecting abnormal autonomic activity, is larger in
normal subjects than in patients with autonomic
dysfunction.”” Furthermore, the LF power mainly
provides a measure of sympathetic activity with some
influence from the parasympathetic nervous system,
whereas the HF power is responsible solely to the
logarithmic

transformation to the natural base was performed on all

parasympathetic nervous system. A
spectral components of HRV. We used the normalized
LF (nLF = 100 x LF/(TP-VLF)) as an index of
sympathetic modulation, the normalized HF (nHF =
100 x HF/(TP-VLF)) as an index of vagal modulation,
and the LF to HF ratio (LF/HF) as an index of
sympathovagal balance. The spectral component values

such as nLF, nHF are presented in normalized units (nu).

Detrended fluctuation analysis (DFA)

Artificial DFA quantifies fractal-like correlation
properties by calculating the scaling property of the root-
mean-square fluctuation of the integrated and detrended
time series data.”* Briefly, the RR interval data (of total

L3 —
) . wky =Y [u(k) - u]
length N) is first integrated, = , where

u(k) is the ith RR interval and ¥ is the average RR

interval. Next, the integrated RR interval data is divided
into boxed of equal length, n. In each box of length n, a
least-squares line is fitted to the data” *) Next, the
integrated data are detrended by subtracting the local

tend *»*®) in each box. The root-mean-square
fluctuation of this integrated and detrended time series is

1 2
F(ny=_ /=Y [y(k) -y, ()]
calculated by NS "

This computation is repeated over all time scale or
box sizes to provide a relationship between F(n), the
average fluctuation as a function of box size and the box
size n. Typically, F(n) will increase with box size n, thus
the slope of the line relating log F(n) to log n is defined
as the scale exponent .. A lager value of the scale

exponent o represents a smaller fractal dimension and

16
ECG sianal



a=1 corresponds to 1/f noise®* Based on earlier
studies™, we considered computing the exponent o
separately for short-term (< 11 beats) and intermediate-
term (> 11 beats) scales, yielding the scaling exponents

oy and oy, respectively.

Approximate entropy (ApEn)

ApEn quantifies the regularity of time series, so is
also called a “regularity statistic”. It is represented as a
simple index for the overall complexity and
predictability of each time series. In our study, ApEn
quantifies the regularity of the RR interval. The more
regular and predictable the RR interval series, the lower
will be the value of ApEn.”

First of all, we reconstructed the RR interval time
series in the n-dimensional phase space using Takens
theorem.” Takens suggested the following time delay

method for the reconstruction of the state space:
D, =[RR(?), RR(t+7), .., RR(t + (n—1)1)]

, where n is the embedding dimension and T s the

time delay. In this study, the optimal value of 7 was 10.

The mean of the fraction of patterns with length m that
resemble the pattern with the same length beginnings at
interval i is defined by

1 Nt | number of
In|
N-m+1 Z {

" (r) =

D,()-D, (1)< r}

N-m-1

i=l

In the above equation, P»®) and Duli) gre state

vectors in the embedding dimension, m. Given N data
points, we can define ApEn as,

ApEn(m,r, N)=0"(r) - (r)

, where ApEn estimates the logarithmic likelihood
that the next intervals after each of the patterns will
differ. In general, the embedding dimension, m, and the
tolerance, r are fixed at m=2 and 7 = 0.2x 8D iy

physiological time series data.**

Statistical analysis

For all our analyses, we used SPSS (version 12.0) and
represented the data in the form of a mean + standard

error of means (SEM). We used analyses of variance
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(ANOVA) for repeated measurements with supine
versus HUT as repeated measures and young versus
elderly subjects as grouping factor. Significant effects
were followed up by paired t-test to compare young and
elderly subjects for supine and HUT separately. Any

P value less than 0.05 was accepted as significant.

Resulés

We observed no syncopal or presyncopal symptoms
in any subjects during the tilting. In addition, the HR,
sex distribution and body mass index were not
significantly different between the two groups, and there
was no significant gender difference in HRV values
during HUT. The tilting had a major effect on the linear

and nonlinear HRV parameters for both groups.

Table 2. Linear and nonlinear measures of heart rate
variability in young and elderly subjects for both the
supine and the HUT posture (Mean + SEM)

Young Elderly
Supine Tilting Supine Tilting
TP (In) 755+ 718 598+ 598 +

0.19 017° 0.24 0.18°
LF power 6.17 £ 6.14 + 410+ 4.08 £

(In) 0.23 0.22°¢ 0.25 0.19°¢
nLF power 3950  68.26 % + 57.71%
(nu) +505 588 4204 42177
+3.96
HF power 6.65 ¢ 521+ 445+ 3.73+
(I 0.23 028"° 0.28 0.26"°
nHF power 60.50 31.74 + 57.96 4229+
(nu) +505 588 +396 421"t
LF/HF 087+ 411 091+ 1.98%
0.23 1.19 0.17 0.44"
ApEn 111+ 105+ 110+ 092+%
0.03 0.04 002 005"
o 093+ 147+ 097+ 113z
0.06 0.09 0.05 0.07°
o2 072+ 081 081 092%
0.06 0.05 0.04 0.05

TP = total power; LF = low frequency; HF = high
frequency; LF/HF = low/high frequency power ratio; nLF =
normalized low frequency; nHF = normalized high
frequency; ApEn = approximate entropy; a1 = short-term
fractal scaling exponent; a2 = long-term fractal scaling
exponent.

"P<0.01, " P <0.001: baseline vs. tilting within young
subjects;

" P<0.05 " P <0.01: baseline vs. tilting within elderly

subjects;
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?P <0.05, ° P < 0.001 : young subjects vs. elderly

subjects.

Table 2 shows the mean values and SEM of the TP,
LF power, nLF power, HF power, nHF power, LF/HF,
ApEn, a; and o, for the young and elderly subjects
before and during HUT.

Effects of HUT on linear spectral properties

There were no significant changes in TP, LF power
between supine and HUT. However, there were
significant differences in the TP (F(1, 29) = 38.37, P =
0.000) and LF power (F(1, 29) = 70.97, P = 0.000)
between young and elderly subjects. In this case, the
elderly subjects presented significantly lower values
than those of young subjects for both TP and LF power.

When we compared the results of the HUT posture
with those of the supine posture, we observed a
significant increase in the nLF (F(1, 29) = 30.88, P =
0.000) power and a significant decrease in the nHF (F(1,
29) =30.88, P = 0.000) power during HUT posture, both
in young subjects and elderly subjects.

HF power (F(1, 29) = 28.53, P = 0.000) was
significantly decreased and LF/HF (F(1, 29) = 16.91, P
= 0.000) was significantly increased during HUT
posture. In the case of the HF power, the elderly subjects
presented significantly lower values than those of young
subjects. In addition, there was a significant interaction
effect on posture and group in LF/HF (F(1,29) =4.28, P
= 0.048). In addition, there weren’t any significant

differences between young and elderly subjects and

interaction effects in the nLF power, nHF power and HF.

Fig. 3 presents the influence of HUT on linear spectral
measures such as TP, LF power, HF power, nLF power,
nHF power, and LF/HF.
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Figure 3. The influence of HUT on linear measures of
HRV in young subjects (m, n = 13) and elderly subjects
(A, n=18). Values are means + SEM.

TP = total power; LF = low frequency; HF = high
frequency; LF/HF = low/high frequency power ratio; nLF =
normalized low frequency; nHF = normalized high
frequency.

"P<0.01,” P<0.001 : baseline vs. tilting within young
subjects;

" P<0.05 ""P<0.01: baseline vs. tiiting within elderly
subjects;

°P <0.001 : young subjects vs. elderly subjects.

Effects of HUT on nonlinear properties

ApEn significantly decreased during HUT posture
(F(1, 29) = 8.61, P = 0.006), but there were no
interaction effect and between group effect. There
weren’t any significant changes in o, thus, HUT did not
alter long-term fractal scaling exponent.

However, there were significant changes in ;. The
short-term fractal scaling exponent «; significantly
increased during HUT posture (F(1, 29) = 39.79, P =
0.000), especially, the young subjects showed a

significant increase during HUT posture in o, (P < 0.01).

In addition, o, differed significantly between young
and elderly subjects (F(1, 29) = 4.84, P = 0.036), and
there was a significant interaction effect (F(1, 29) =
13.36, P = 0.001) on posture and group. According to
the post-hoc analysis, this interaction effect resulted
from a significant increase within young subjects and
difference between young and elderly subjects. Thus,
these results for o; mean that HUT was associated with
an increase in the short-term fractal scaling exponent
and the young subjects represented higher short-term

fractal scaling exponent values compared to that of the
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elderly subjects. Fig. 4 represents the influence of HUT

on nonlinear measures such as ApEn, o, and o.

70° Tiit

: . Y(’)ung“
115+ {—#A— Elderly
o] S~

\\ \;7\‘\\
1.05 L T

1.00 \

095 \\\
At

0,90

085+

ApEn

Supine Tilting

70° Tilt
1.8 <

“m~Young
—A— Eiderly

174

164

2
15 +
14 /7
134

Z 124 - 2
114 / //,,//'%
1.0 4 ,%*////
0.9 - ?/
0.8
07
087 Supine T Tilting
e 70° Titt
174 ~B- Young
—4A— Elderly
16
15+
1.4 4
1.3
3 124
114
1.0+
0.6 o ///’§
0.8 A~ - e E
0.7 %’~ -
08 Supine Tilting

Figure 4. The influence of HUT on nonlinear measures of
HRV in young subjects (m, n = 13) and elderly subjects
(A, n=18). Values are means + SEM.

ApEn = approximate entropy; a1 = short-term fractal
scaling exponent; o2 = long-term fractal scaling exponent.
" P < 0.001 : baseline vs. tilting within young subjects;
TP < 0.01 : baseline vs. tilting within elderly subjects;

? P < 0.05 : young subjects vs. elderly subjects.

Discussion

The main finding of this study is that there are
differences of responses to HUT on nonlinear properties
between young and elderly subjects. Especially, the

short-term fractal scaling exponent o significantly
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increased during HUT posture in young subjects but not
in elderly subjects. However, the HUT does not change
the long-term fractal scaling exponent o,.

The DFA technique is a modified root-mean-square
analysis of a random walk, and it quantifies the presence
or absence of the short-term and long-term fractal
correlation properties in RR time series. In this method,
a fractal-like signal results in an empirical value of ~ 1.0,
a random signal results in a value of 0.5, and a strongly
correlated signal behavior results in an empirical value
of 1.5.%° Increased short-term fractal exponent values
observed during the HUT in the present study imply
stronger correlation properties of short-term HR
dynamics during HUT interventions compared with the
supine resting condition. In addition, these results
showed that HUT result in a change in the HR dynamics
from a normal fractal-like dynamics toward an increase
in the short-term correlation properties of HR dynamics
only in young subjects.

On the other hand, overall complexity ApEn
significantly decreased during HUT posture. This result
is in accordance with the previous study.® ApEn is the
rate of information production, which is the key to the

measurement of irregularity, 427,28

and is basically
designed to measure the regularity and complexity of
time series data. Lower ApEn values indicate a more
regular (less complex) signal, higher values indicate
more irregular (greater complexity).** The present data
showed that complexity in HR dynamics decreased
during HUT.

Examining the potential for nonlinear chaos in
dynamic events often allows us to uncover the
mathematical form of physiological mechanisms, and
sometimes to predict how their functioning depends on
the relevant parameters.”” Chaotic parameters have been
found to decrease after autonomic blockade induced by
propranolol and atropine, ** during exercise’' and with
aging® The correlation dimension and Lyapunov
exponents were reported to be low in patients with a
neural connection disorder between the heart and the
central nervous system, such as heart transplant
patients.*? There is a reason why we used DFA and
ApEn among many nonlinear measures applicable to
investigate the HR dynamics in response to HUT for
young and elderly subjects. In general, nonlinear
analytical methods need many data points compared to

conventional linear methods ™ Even though the

nonlinear properties are involved in the genesis of
human HR fluctuation, only a limited number of HR
data can be obtained during HUT. The need of many
data points might be one reason why only a few studies
had applied nonlinear methods to the analysis of HR
dynamics during HUT.?® DFA and ApEn may overcome
this problem®** because these methods are applicable to
relatively limited time series.”® In addition, DFA seems
to be suitable for analysis of non-stationary time series.”’

The interplay between the sympathetic and vagal
regulation of HR is usually organized in a reciprocal
fashion, ie., increased activity in one system is
accompanied by decreased activity in another.>** In the
present study, the LF/HF increased in all subjects in
response to tilting, which is in agreement with previous
studies."**** In addition, the present study shows that
aging is associated with changes in the autonomic
regulation during HUT. The normalized HF power
decreased and the normalized LF power increased as
evidence of withdrawal of vagal activity and enhanced
sympathetic outflow during HUT.” Changes in
autonomic regulation caused by HUT also resulted in
concordant changes in the short-term fractal properties
of HR dynamics.

A limitation in our study is that we did not evaluate
healthy states by clinical statements, and did not assess
other clinical variables such as circulatory, heart and
arterial characteristics. Further experimental work will

be needed to complement these defects.
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