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BEHAVIOUR OF GLOBALLY CHAOTIC PARAMETERS OF HEART RATE VARIABILITY FOLLOWING

A PROTOCOL OF EXERCISE WITH FLEXIBLE POLE

Ana M.S. Antoni01, David M. Garnerz, Marco A. Cardoso1, Luiz Carlos de Abreu3, Rodrigo Daminello Raimundo4, Marcelo T. NavegaS, Vitor

Engréacia valenti'

Aim. The aim of this study was to evaluate the effect of flexible pole exercise on
cardiac autonomic modulation. This was investigated while at rest before and, then
in the recovery phase from the flexible pole exercise.

Material and methods. Thirty-two female subjects were allocated to equal groups.
The analysis of cardiac autonomic modulation was through the recording of temporal
separations of interpeak RR intervals taken from the heart rate monitor. The analysis was
performed by chaotic global measures of heart rate variability (HRV). Two parameters
were proposed based on the greater resolution of multi-taper method (MTM) power
spectra. They were high spectral entropy (hsEntropy) and high spectral detrended fluc-
tuation analysis (hsDFA) and were applied owing to the greater parametric response in
short data series. After applying Anderson-Darling and Lilliefors tests for confirmation of
high non-normality; Kruskal-Wallis test of significance was used for the statistical anal-
ysis, with the level of significance moderately set at (p<0.15).

Results. On recovery from flexible pole exercise there was a significant decrease
in three of the combinations of CFP. The algorithm which applied all three chaotic
global parameters was the optimum statistically measured by Kruskal-Wallis and
standard deviation. It was also the most influential by principal component analysis
(PCA) with almost all variation covered by the first two components.

Conclusion. Flexible pole exercise leads to a further significant decrease in chaos-
ity measured by the combination of chaotic globals.
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NOBEAEHWE FMOBAJIbHO XAOTUYECKMX MAPAMETPOB BAPUABEJIbHOCTU CEPAEYHOIO PUTMA
NOCNE NPOTOKOJIA TPEHUPOBKHU C TMBKUM LLECTOM

Ana M.S. Antonio‘, David M. Garnerz, Marco A. Cardoso1, Luiz Carlos de Abreus, Rodrigo Daminello Raimundo4, Marcelo T. Navegas, Vitor

Engracia Valenti

Llenb. Llenbio JaHHOro vccnefoBaHus SBUMACh OLEHKA BIMSIHWAS YNPaXHEHUS
C rMOKMM LLECTOM Ha KapauanbHylo BeretaTuBHyld moaynsiumio. VccneposaHue
6b110 NPOBEAEHO B COCTOSIHUM MOKOS [10 W, 3aTeM B a3e BOCCTaHOBNEHWS nocne
BbINOJIHEHWS YPAXHEHWS C TOKMM LWECTOM.

Matepuan u metoabl. TpALATb 1BE XEHLUMHbI OblNn pa3faeneHbl Ha ABE PaBHbIE
rpynnbl. AHanu3 KapauanbHOW BereTaTMBHOW MOAYNSLMM NPOBOAUAICSA NyTeMm
perncTpauun BpemMeHHbix pasaeneHuii interpeak RR nHTepBanoB, Nony4eHHbIX
npy¥ MOHUTOPUPOBAHWI CEPLEYHOTO PUTMA. AHANM3 NPOBOLMICS Xa0TUYECKUMMU
rnobanbHbIMY 3MepeHnsiMU BaprabensHocTn cepaeydHoro putma (BCP). Mpea-
nonaranocb, 410 [ABa napametpa 6blM OCHOBHbIMW B GOnblieM paspeLueHune
MyNbTU-KOHMYeckoro metoga (MTM) cnektpa MOLWHOCTM. 31O Oblav MeToap!
BbICOKOI cnekTpanbHoi aHTponuu (hsEntropy) n aHanuaa BbICOKOro CrnekTpasb-
Horo kone6aHusi C MCKMoYeHHbIM TpeHaoM (hsDFA) n 6biny NpUMeHeHbl kak
obnapatoLime 60MbWUM NapaMeTPUYECKUM OTBETOM NPY UCCNEA0BAHNSX KOPOT-
KMX MepuopoB AaHHbIX. [ocne npuMeHeHus TecToB AHAepcoHa-fapnuHra
u Lilliefors nns noaTBEpXAEHUS BBICOKOV @aHOMaNbHOCTU, TECT 3HaummocTu Kpy-
ckana-Yonnuca 6bi1 MCNONb30BaH [Nt CTAaTUCTUYECKOrO aHanu3a, CpeaHeM npu
ypoBHe 3HaunmocTy (p<0,15).

Pesynbrathbl. pn BOCCTAHOBNEHWWU MOCNE TPEHWUPOBKW C TMOKMM LIECTOM
HabnIAANoCh 3HAYNTENBLHOE CHUXEHME Tpex KomOuHaumii n3 CFP. Anroputwm,
KOTOPbI NPUMEHSIETCS BO BCEX TPEX XaOTUYECKMX rNo6abHbIX napameTpax, cTa-
TUCTUYECKM ONTUMaNbHO n3mepsieTcst Kpyckana-Yonnvca v CTaHAapTHBIM OTKIIO0-

HeHvieM. OH TaKxke SBISETCH CamblM BAUSTENbHBIM METOAOM [MaBHOMO KOMMO-
HEHTHOro aHannsa ¢ GONbLIMHCTBOM Bapuauuii, KOTOpble OXBaTbIBAIOT NEPBble
[1Ba KOMMOHEHTA.
3aknoyeHue. YnpaxHeHue ¢ rmbk1M LLECTOM NPUBOANT K AanbHEWLeMy 3Hauu-
TENbHOMY CHUXeHWo chaosity 1 M3MepseTcs coveTaHMeM XaoTU4eckmx rnobasnb-
HbIX U3MEPEHNA.

Poccuiickuit kapauonoruyeckuii xypian 2015, 4 (120), Aurn.: 22-26
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KnioyeBble cnoBa: cepaeyHo-CocyamncTas CucTema, BeretatBHas HepBHas cuc-
Tema, ynpaxHeHunsa ¢ rMOKMM LLECTOM, Xa0TU4ECKIE rMobanbHble n3MepeHns.
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During the acrobic exercise the increased parasympa-
thetic withdrawal and sympathetic activity elicit heart rate
increase and reduce heart rate variability (HRV). Immedi-
ately after exercise the parasympathetic reactivation is
responsible for heart rate recovery and HRYV increase [1].
The flexible pole is an instrument with mass 0,8 kg and
around 150 cm in length. This tool provides oscillation
caused by periodic movements of the upper limbs. The
frequency of the flexible pole provides resistance during
exercises. Exercise protocols using the flexible pole were
shown to present positive results in shoulder muscle func-
tion training [2]. However, it is not clear the quantitative
level or direction of cardiac autonomic response after a
standardized protocol of exercise with this instrument.
Thus, this study aimed to investigate the acute effects of an
exercise protocol with flexible pole on the globally chaotic
parameters of HRV.

Material and methods

Study Population. The subjects were 32 healthy female
students, all nonsmokers, aged between 18 and 25 years.
All volunteers were informed about the procedures and
objectives of the study and gave written informed consent.
All study procedures were approved by the Ethics Com-
mittee in Research of the Faculty of Sciences of the Uni-
versidade Estadual Paulista, Campus of Marilia (No. 0554-
2012), and were in accordance with Resolution 196/96
National Health 10/10/1996.

We did not include subjects that reported the follow-
ing conditions: cardiopulmonary, psychological, neuro-
logical related disorders and other impairments that
prevent the subject known to perform procedures, and
treatment with drugs that influence cardiac autonomic
regulation. Volunteers were not evaluated on 10-15 days
and 20-25 days after the first day of the menstrual cycle
[3]. We also excluded physically active subjects according
to the International Physical Activity Questionnaire
(IPAQ) [4].

Initial Evaluation. Baseline information collected
included: age, gender, weight, height and body mass index
(BMI). Weight was determined using a digital scale
(W 200/5, Welmy, Brazil) with a precision of 0.1 kg.
Height was determined using a stadiometer (ES 2020,
Sanny, Brazil) with a precision of 0.1 cm and 2.20 m of
extension. BMI was calculated with weight in kilograms
and height in meters.

Exercise with flexible pole. The exercises with the flex-
ible pole were conducted with volunteers at standing posi-
tion with feet apart (wide base) and shoulder flexion as the
proposed position. To maintain the proper shoulder flex-
ion in each upper limb it was used as a target visual feed-
back. All exercises were performed for 15 seconds with
50-60 seconds of rest between each exercise. Three repeti-
tions were performed for each exercise. HRV was analyzed
during 10 min at control rest and during 10 min during
recovery from the exercise protocol. (Figure 1)

Figure 1. The exercise protocol was composed by the following exercise with both
arms on three positions: i) with shoulders at approximately 180° of flexion with the
flexible pole on the frontal plane, parallel to the ground (Figure 1A), ii) with the
shoulders on 90° of flexion with the flexible pole on the transverse plane (Figure
1B), and iii) one shoulder at 90" of flexion with the flexible pole on the sagittal plane,
perpendicular to the ground (Figure 1C).

HRY analysis. The RR intervals recorded by the porta-
ble HR monitor (with a sampling rate of 1000 Hz) were
downloaded to the Polar Precision Performance program
(v.3.0, Polar Electro, Finland). The software enabled the
visualization of HR and the extraction of a cardiac period
(RR interval) file in “txt” format. Following digital filter-
ing complemented with manual filtering for the elimina-
tion of premature ectopic beats and artefacts, 500 RR
intervals were used for the data analysis. Only series with
sinus rhythm greater than 95% were included in the study.

Protocol. Data collection was undertaken in the same
soundproof room for all volunteers; the temperature was
between 21°C and 25°C and the relative humidity was
between 50 and 60%. Volunteers were instructed not to
drink alcohol, caffeine or other autonomic nervous system
(ANS) stimulants for 24 hours before the evaluation. Data
were collected on an individual basis, always between
18:00 and 21:00 to avoid circadian influences. All proce-
dures necessary for the data collection were explained to
each subject separately, and the subjects were instructed to
remain at rest and avoid talking during the collection.
HRYV was analysed in the following periods: control proto-
col — the 10-minute periods before the performance of the
task and the 5-minute periods during the performance of
the test.

Chaotic Assessment

Multi-Taper Method: Power Spectrum. A potential
criticism in previous studies on diabetes [5] and childhood
obesity [6] with respect to chaotic global parameters is that
the spectral entropy [7] and spectral Detrended Fluctua-
tion Analysis (SDFA) [8] analysis may be more sensitive if
we applied the Shannon entropy [9, 10] and DFA [11, 12]
algorithms to the multi-taper spectrum [13] rather than
the Welch power spectrum [14]. Thus the spectra applied
in all three chaotic global parameters would match. This is
pertinent here since the number of RR interval is low at
500. Typically we have examined double this amount when
applying Welch power spectrum [14] for spectral entropy
and sDFA.

Multi-Taper Method (MTM) [13] is useful for spectral
estimation and signal reconstruction, of a time series of a
spectrum that may contain broadband and line compo-
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Table 1
The table below shows the Kruskal-Wallis
test of signficance by p-value of [CFP 1-7] for 500 RR
intervals from control rest to recovering
from the exercise protocol with flexible pole

Combination of Chaotic Globals Kruskal Wallis
[CFP1-7] (p-value)
CFP1 0,1397

CFP2 0,7935

CFP3 0,0469

CFP4 0,2482

CFP5 0,4809

CFP6 0,1379

CFP7 0,5063

nents. MTM is non-parametric since it does not apply an
a priori, parameter dependent model of the process that
generated the time series under analysis. MTM reduces
the variances of spectral estimates by using a small set of
tapers. Data is pre-multiplied by orthogonal tapers created
to minimize the spectral leakage owing to the finite length
of the time series. A set of independent approximations of
the power spectrum is calculated. Functions identified as
discrete prolate spheroidal sequences (DPSS) [15] opti-
mize the tapers. They are defined as ecigenvectors of a
Rayleigh-Ritz minimization problem [16].

Chaotic Globals. High spectral entropy (AsEntropy) is a
function of the irregularity of amplitude and frequency of
the power spectrums peaks. It is derived by applying Shan-
non entropy to the MTM power spectrum. The parameters
for MTM are: (i) sampling frequency of 1Hz; (ii) time
bandwidth for the DPSS is 3; (iii) FFT length of 256; (iv)
Thomson’s adaptive nonlinear combination method to
combine individual spectral estimates. This output is then
normalized so that the sum of the magnitude is equal to
unity; giving a normalized power spectrum. We then cal-
culate an intermediate parameter which is the median
Shannon entropy of the value obtained from three differ-
ent power spectra using the MTM power spectra under
three test conditions: a perfect sine wave, uniformly dis-
tributed random variables, and finally the experimental
oscillating signal. These values are then again normalized
mathematically so that the sine wave gives a value of zero,
uniformly random variables give unity, and the experimen-
tal signal between zero and unity. It is this final value that
corresponds to AsEntropy.

To obtain high spectral Detrended Fluctuation Analysis
(hsDFA) we calculate the spectral adaptation in exactly
the same way as for AsEntropy using a MTM power spec-
trum with the same settings; but DFA rather than Shannon
entropy is the algorithm applied.

Spectral Multi-Taper Method (sMTM) [8] is founded on
the increased intensity of broadband noise in power spectra
generated by irregular and chaotic signals. sSMTM is the area
between the MTM power spectrum and the baseline.

Chaotic Forward Parameter. The parameter [CFP 1-7] is
referred to as Chaotic Forward Parameter for the functions
1 to 7 below where it is applied to at rest and recovery from
flexible pole datasets. Since AsDFA responds to chaos in the
opposite way to the others we subtract its value from unity
when applying here. All three chaotic global values have
equal weightings. In Figures 2 and 3 for the vertical axis:
CFP1 applies all three chaotic global parameters (4sEn-
tropy)(1-AsDFA)(sMTM); CFP2 includes (AsEntropy)
(1-AsDFA); CFP3 (hsEntropy)(sMTM); CFP4 (1-AsDFA)
(sSMTM); CEP5 (1-AsDFA); CFP6 (sMTM); CFP7 (hsEn-
tropy). These are illustrated in the equations below.

1
- hsEntropy 1|’ sMTM 1) hsDEA 1112
[ 1= max (hsEntropy)] max (sMTM) max (hsDFA)]
1
CFP2 hsEntropy . [ hsDFA 213
[ =1 [ max (hsEntmpy)] | max (hsDFA)
CFP3 hsEntropy 2+ sSMTM Bp
[ 1= max (hsEntropy)] max (sMTM)
1
SMTM hsDFA 2
= +l1=
[CFP4]= { max (sMTM) [ [max (hsDFA)“
1
hsDFA 112
[CFPS1= [\ 1= | Tax (isDFA)
1
_smtM [ |?
[CFP6]= { max GMTM) } l 1
212
[CEPT)= hsEntropy
max (hsEntropy)

Statistical Analysis. Parametric statistics assume the data
are normally distributed, using the mean as a measure of
central tendancy. If we cannot normalize the data we should
not compare means. To test our assumptions of normality
we apply the Anderson-Darling [17] test and the Lilliefors
[18] test. Here in most cases the p<0,01; for both, therefore
we have a probability plot of highly non-normal data and so
we must apply the non-parametric Kruskal-Wallis test of
signficance. The Kruskal-Wallis algorithm computes a sig-
nificant statistical result for three of the seven combinations
(p<0,15). These are combinations [CFP 1, 3 & 6].

Results

Principal Component Analysis (PCA) [19] is the mul-
tivariate technique applied. We have seven values of Cha-
otic Forward Parameter. Therefore, seven groups of thir-
ty-two subjects for the difference between at control rest; to
those recovering from exercise with flexible pole. Hence,
CFP recovery from exercise subtracted from CFP at rest
prior to exercise. A grid of 7 by 32 to be assessed. The First
Principal Component (PC1) has a variance (cigenvalue) of
5,5253 and accounts for 78,9% of the total variance. The
Second Principal Component (PC2) has an eigenvalue of
1,4662 accounting for 99,9% of cumulative total variance.
PC2 accounting for 20,9% of its proportion of the vari-
ance. Therefore we can assume that most variance is
acheived in the first two components.
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Flexible Pole Rest OUTPUT (a.u.)
(N=32) 0.0 0.5 1.0 1.5
CFP — [+]
(hsEnt)(1-hsDFA) —| —
(hsEnt)(sSMTM) — [~ |

(SMTM)(I1-hsDFA) — | -
(1-hsDFA) +——F }—
(sMTM) — ]+ ]
H

Figure 2. The boxplots illustrate the mean values and standard deviation of [CFP
1-7] for the RR intervals of subjects at control rest. Mean values are indicated by
the (+) symbol. The number of RR intervals is 500 and number of subjects is 32.

(hsEnt) —

Flexible Pole Recovery OUTPUT(a.u.)
(N=32) 0.0 0.5 1.0 1.5
CFP (+——
(hsEnt)(1-hsDFA) —
(hsEnt)(sMTM) — |- |
(sSMTM)(1-hsDFA) — — ] |
(1-hsDFA) — } —
(SMTM) — L[+
(hsEnt) + — | |

Figure 3. The boxplots illustrate the mean values and standard deviation of [CFP
1-7] for the RR intervals of subjects recovering from flexible pole exercise. The
number of subjects is 32 and number of RR intervals is 500. Mean values are
indicated by the (+) symbol.

Table 2

The table below shows the minimum, maximum, median and the 25th (Q1)
and 75th (Q3) percentile of [CFP 1-7] for 500 RR intervals from before the exercise protocol with flexible pole

Combination of Chaotic Globals ~ Before Exercise Minimum  Before Exercise

[CFP1-7] Q1

CFP1 0,7725 0,7826
CFP2 0,5311 0,5365
CFP3 0,6993 0,7020
CFP4 0,3683 0,5965
CFP5 0,0000 0,2922
CFP6 0,3683 0,5200
CFP7 0,1275 0,2548

Before Exercise Median Before Exercise Before Exercise Maximum

Q3
0,8086 0,9271 1,1898
0,5489 0,5952 1,0000
0,7246 0,8492 1,0657
0,6921 0,8639 1,1829
0,3705 0,4849 0,6319
0,5845 0,7150 1,0000
0,3860 0,4908 1,0000

Table 3

The table below shows the minimum, maximum, median and the 25th (Q1)
and 75th (Q3) percentile of [CFP 1-7] for 500 RR intervals for after exercise protocol with flexible pole

Combination of Chaotic Globals  After Exercise Minimum After Exercise

[CFP1-7] Q1

CFP1 0,7544 0,7629
CFP2 0,5292 0,5350
CFP3 0,6766 0,6800
CFP4 0,3507 0,5392
CFP5 0,0000 0,2582
CFP6 0,3507 0,4733
CFP7 0,1151 0,3010

[CFP 1] has the First Principal Component (0.154) and
the Second Principal Component (-0,769). While, [CFP 3]
has the First Principal Component (0.372) and the Second
Principal Component (-0,398). Only the first two compo-
nents need be considered due to the steep scree plot. [CFP
1, 3 & 6] only need to be considered on the basis of the
Kruskal-Wallis test of significance at level p<0,15; 15%
(Table 1). However since [CFP 6] only represents the
increased intensity of broadband noise in the MTM power
spectrum we do not consider it further. Consequently, [CFP
1] which applies all three chaotic globals techniques is the

After Exercise Median After Exercise After Exercise Maximum
Q3
0,7952 0,8659 1,1978
0,5571 0,6467 1,0000
0,7048 0,8568 1,0597
0,6539 0,7667 1,1923
0,3586 0,4404 0,6493
0,5468 0,6276 1,0000
0,3990 0,5382 1,0000

best overall combination with regards to influencing the
correct outcome. This is on the basis of all three statistical
tests — Kruskal-Wallis, Standard Deviation and PCA.

The results illustrate that there is a wide variation in
both the mean values and standard deviation for both at
control rest, and those with flexible pole during recovery
stage (See Figures 2 and 3). In all these cases there is a
decrease in chaotic response when going from at rest to
recovery stage subjects. Tables 2 and 3 below show the
minimum, maximum, median and the 25th (First Quar-
tile, Q1) and 75th (Third Quartile, Q3) percentile of [CFP
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1-7] for 500 RR intervals for before and after exercise
protocol with flexible pole, respectively.

Discussion

Our study aimed to evaluate the cardiac autonomic
responses through global chaotic parameters of HRV
induced by a standardized protocol of exercise with flexi-
ble pole. We reported that this standardized exercise pro-
tocol was able to reduced HRV.

[CFP 1 & 3] are the main functions suitable as deduced
by the three assessments (Kruskal-Wallis, Standard Deviation
and PCA). There is evidence to apply [CFP 1] as the most
robust function as with the optimization study by Garner and
Ling [8]. This in addition to forward problems in youth and
childhood obesity [6], diabetes mellitus [5] and COPD [20].

With regards to PCA applied to the seven different
arrangements of chaotic globals subjects for the difference
in at control rest to those recovering from exercise with flex-
ible pole. 99.9% of influence is achieved by the first two
principal components. The combination with all three cha-
otic globals applied testing as most influencial algorithm.
Second best, and still significant across all three conditions
by Kruskal-Wallis is the third algorithm which lacks the
(1-AsDFA) parameter. It is important to recognize that in
most cases the chaosity of the data decreases from subjects
for those at control rest to those recovering from exercise
with flexible pole. Applying the AsEntropy and AsDFA
would seem to be advantageous with regards to the statistical
tests here; compared to those standard techniques using
Welch power spectra — spectral entropy and sDFA.

So, we have developed two robust functions which can
take short time-series of HRV and discriminate between
the control and experimental groups. There is a moderate
level of significance for both these algorithms (p<0.15). By
applying either of these novel functions to the shorter
time-series via spectrally determined parameters it should
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