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Abstract

The assessment of autonomic nervous system ( ANS) activity is a tool for diagnosing or predicting cardiovascular dis-

eases, while heart rate recovery response (HRRR) after exercise has been promoted as a process under the regulation of ANS (sympathetic
and parasympathetic nervous systems). Therefore, assessment of ANS activity was performed by HRRR in this study. Firstly, HRRR
signal was extracted based on wavelet decomposition and difference curve of coarse component from heart rate signal. Then, HRRR was
divided into quickly descending interval (QDI) and slowly descending interval (SDI). Finally, 3 groups of indexes ( Difference, Exponen-
tial and Quadratic Groups) from QDI and SDI were compared between 50 normotensive and 61 hypertensive subjects. The results showed
that the indexes of Difference Group were better choices than others in analyzing the features of HRRR. Furthermore, parasympathetic
activity is dominant in QDI, while sympathetic and parasympathetic activities affect SDI together. In conclusion, the proposed method

was effective to assess ANS activity.
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The autonomic nervous system (ANS) plays a
central role in regulating cardiovascular function in
both healthy subjects and patients. Quantitative anal-
ysis of ANS activity has been proved as an approach
to diagnosing or predicting cardiovascular diseases.
Analysis of heart rate variability (HRV) has become a
popular and noninvasive tool recommended to assess
the influence of ANS on heart since the 1970s[!].
The common methods to analyze HRV are based on
frequency domain because the frequency feature of
HRYV signal has a strong correlation with the control
of ANS[2I.

In recent years, exercise testing is widely used to
detect cardiovascular diseases or abnormalities that are
not apparent at rest. Heart rate recovery response
(HRRR) after exercise has been proposed as a process
reflecting ANS activity with important clinical impli-
cations. Many reports noted that a delayed heart rate
(HR) decrease in HRRR was a powerful predictor of
overall mortality, and the results were explained with

(3-8] " It is well known

chronotropic incompetence
that ANS consists of two independent subsystems:
sympathetic nervous system (SNS) and parasympa-
thetic nervous system (PNS). After stopping exer-
cise, HR will recover from peak HR to rest level

within several minutes. HRRR process is considered

* Supported by Beijing Natural Science Foundation

as the reflection of decreased SNS and increased PNS
activities'®!. The changes in SNS and PNS activities
are often associated with myocardial function and ex-
ercise capacity[w]. However, previous studies have
effectively assessed PNS activity, but not for SNS ac-

Usually HRRR signal is fitted by a first order
exponential decay curve to obtain decay constant!1].
In recent studies, the difference in HR from peak to
1- or 2- minute after exercise was used as a simple in-
dex'> 2], However, the computed decay constant is
affected by the selection of time interval of curve fit-
ting. The index based on the change in HR between
peak HR and recovery HR at specific time cannot rep-

resent the characteristic of whole HRRR.

We present a method to decompose HRRR signal
and extract novel indexes to assess ANS activity (not
only PNS, but also SNS) in this article. These in-
dexes were compared between normotensive (NTN)
and hypertensive (HTN) subjects to verify the validi-
ty of this method.

1 Methods

Our study was performed in NTN and HTN
subjects at age of 30 ~65. The consent was obtained
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from all participants after they were informed of the
purpose of this study. NTN subjects were free of dia-
betes, hypertension and other cardiovascular diseases.
HTN subjects were told not to take any antihyperten-
sive medicine for one week before the exercise test-

ing.

Exercise testing was performed according to
YMCA 1-Minute Step Test protocolm] , and the pro-
cedure was up and down a stair climber for 1 minute.
The stair climber was 30 ecm in height. Usually the
exercise testing procedure ended within 15 minutes.
Firstly, after putting on the electrodes, the subject
was asked to take a rest by sitting on a chair for about
5 minutes. Then the subject began to perform stair
climber exercise testing at the speed of 30 steps/
minute following the hint of an auditory metronome.
The exercise lasted 1 minute. When the exercise
stopped, the subject was asked to sit down on a chair
and electrocardiogram (ECG) from lead II was
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Fig. 1.

We suppose that HR(¢) consists of two compo-
nents, which can be represented by

HR(z) = HR.(¢) + HR4(2), (2)

where HR_ () is the coarse component and HR4(z)

the detail component. HRy(¢) is related with HRV

analysis. Only HR,(¢) is used in the following analy-

recorded synchronously. The sampling frequency of
ECG was 200 Hz. R-waves were detected sequentially
using the method of adapting threshold''*). The posi-
tions of sequential R-waves were continuously detect-
ed and recorded until HR returned to pre-exercise lev-
el. The interval of two adjacent R-waves was defined
as the value of R-R interval. The time series of R-R
intervals was regarded as heart period signal, HP(z).

HP(t) derived directly from ECG was uneven
and should be converted into fixed time series with a
uniform interval using resampling method. Cubic
splines interpolation[ls] was applied to the original
HP(:) and 1 Hz was used as the resampling frequen-
cy. Then fixed HP(t) was converted into HR signal
(HR(¢)) that was calculated as follows:
HR(¢) = 60000/HP(z). (1)
Fig. 1 (a) illustrates a typical observation of HR(¢),
and the curves in Fig. 1 (b) ~ (d) are all analyzed
based on HR(¢) shown in Fig. 1 (a).
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Extraction of heart rate recovery response signal. {(a) HR(t); (b) HR.(z); (c) Diff _HR(z); (d) HR_rec(t).

sis of HRRR.

Multi-resolution wavelet decomposition was
adopted to derive HR.(¢) from HR(¢). The decom-
position procedure was equivalent to a series of filter-
ing banks decomposing signal intoc multiple sub-band
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components[16]. HR(t) was decomposed into 5 sub-

bands employing Daubechies wavelet dbS in this
study. With 1 Hz as the resampling frequency, these
sub-bands were divided into the frequency bands as
[0.25, 0.5], [0.125, 0.25], [0.0625, 0.125],
[0. 03125, 0.0625] and [0, 0.03125] Hz respec-
tively. We chose [0, 0.03125] Hz as frequency band
of coarse component. Then HR_(¢), as shown in
Fig. 1 (b), was reconstructed from the wavelet de-
composition coefficients of HR(#) at frequency band

of [0, 0.03125] Hz.

HR,(t) did not descend immediately after exer-
cise stopped. In order to find the start-point and end-
point of HRRR, the difference of HR.{¢) is defined
as

Diff  HR(z) = HR.(t + 1) — HR.(¢),

1I<:<N-1, (3)
where N is the signal length of HR (z). Diff- HR(¢)
(see Fig. 1 (c)) kept decreasing after exercise
stopped until reaching a minimum, and then began to
increase to a steady level. According to Diff - HR(¢),
we divided HR (¢ ) into 4 intervals using the follow-
ing steps:

Step 1: Find time B when Diff - HR(¢) reaches the
minimum. The minimal value is named diff;,.

Step 2: Search backward from time B until
Diff _HR(t) ascends to 0. This time is named time

A.

Step 3: Search forward from time B until
Diff . HR(t) ascends to 0. This time is named time

C.

Step 4: Based on the time set{A, B, C}, the
HR,(t) is thus divided into 4 intervals;

HR_ rec(t) = {

where agpy and agp; are HR decay constants repre-
senting the time reaching 63% of HR to recover in
QDI and SDI respectively. The standard deviations of

residuals in two intervals ( Residual(y, and Residu-

HR_ rec(z) = {

The standard deviations of residuals in two intervals
(Residualgm and Residualcs:DI) were also calculated.

Results were expressed as mean * SD and Stu-
dent’ s unpaired ¢ test was used for comparison be-

HR_ rec(B) + (HR_ rec(A) — HR_ rec(B)) x ¢ ™44
HR_ rec(C) + (HR_ rec(B) — HR_ rec(C)) * & "8

ClQDI* (t - A)2 + C2QD1* (t - A) + C3QDI
Clgp * (£ — B)? + C2gp1 * (¢t — B) + C3gpy

Interval;: ([0, A)): HR.(z) keeps in exercise

status.

Interval,: ([ A, B)): HR.(t) descends quick-
ly.

Intervaly: ([B, C)): HR.(¢) descends slowly.

Intervaly: ([ C, Time_end]): HR,(t) recovers

to pre-exercise status.

Time_end was the time when the ECG record
was stopped. The results of interval division were also
shown in Fig. 1 (¢). We named Interval, and Inter-
vals quickly descending interval (QDI) and slowly de-
scending interval ( SDI) respectively. The time
lengths of QDI and SDI were calculated as Inter-
val qpy and Intervalsp;. The part of HR.(¢) during
A<t < C was regarded as HRRR signal including
QDI and SDI and named HR- rec(¢) as shown in
Fig. 1 (d). We named the mean value of HR.(z) in
Interval; Rest HR, and named HR_ rec(A) Peak HR

that was the maximum of HR _rec(z).

We extracted 3 groups of indexes from HRRR
signal in order to find the effective indexes for assess-
ment.

Difference Group: The change pattern of
Diff . HR(z) in QDI and SDI were approximately lin-
ear as shown in Fig. 1 (c). Therefore, we defined
| diffrie | / Intervalqpy and | diffyy, |/ Intervalsp as
quickly descending rate (QDR) and slowly descend-
ing rate (SDR) respectively.

Exponential Group: The HR_rec(z) was mod-

eled to fit the following first order exponential

curve[ 1] :

(A< t<<B),
(B<t<0C),

aly) were computed to evaluate the curve fitting.

(4)

Quadratic Group; It was also supposed that
HR_rec(t) in QDI and SDI fitted quadratic curves:

(A< < B), s

(Bt (). (3)
tween NTN and HTN subjects. The bivariate corre-
lation procedure was also performed to compute Pear-

son’s correlation coefficient and find the linear rela-
tionships among the indexes mentioned above. A val-
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ue p<0.05 was considered significant in Student’s
unpaired ¢ test. Strong correlation was considered if
the absolute value of correlation coefficient was
>0.90 in correlation analysis. All curves were fitted
using Matlab software (version 6.5, Maths Works
Inc.).

2 Results

Among the subjects examined by exercise test-
ing, the age-matched 51 NTN and 60 HTN subjects
had similar average values of age and Rest HR (Table
1). NTN subjects had remarkably lower Peak HR
than that of HTN subjects. There was no significant
difference between the Intervalgy for NTN and
HTN subjects. However, the mean Intervalsp of
NTN subjects was much shorter than that of HTN
patients.

Table 1. Basal characteristics of heart rate recovery response

Index NTN (n=51) HTN (n=60) p value

Age (year) 49.73£9.14  51.33%9.60 0.371

Rest heart rate 84.54+9.97  84.19+8.26  0.841

(bpm)

Peak heart rate 195 17414.46 130.59+11.18  0.003

(bpm)

Interval go 26.35+14.64 27.52+17.88  0.711

(second)

Tntervalsor 37.47£30.21 70.38£40.66 <0.001

(second)

Data expressed as mean * SD.

The comparison of indexes in 3 groups is shown
in Table 2. For indexes of Difference Group, no sig-
nificant difference existed in QDR between NTN and
HTN subjects while mean SDR of NTN subjects was
much quicker. NTN subjects had significantly greater
absolute value of diff,;,. For indexes of Exponential
Group, NTN and HTN subjects had similar agqpy,
and NTN subjects also had shorter agp than HTN
patients. The standard deviations of residuals were
significantly smaller in QDI and greater in SDI for
HTN subjects. For indexes of Quadratic Group,
Clgp; and C2gp; were significantly different between
NTN and HTN subjects, but Clgp and C2qp; were
not. C3gqp represented the level of Peak HR while
C3gsp; represented the HR level at time B. Both
C3gp1 and C3gp; were similar between NTN and

HTN subjects, and Residual SDI of NTN subjects was
significantly smaller than that of HTN subjects. The
standard deviations of residuals in Quadratic Group

were much smaller than that in Exponential Group
both in NTN and HTN subjects.

Table 2.
Index NTN (= =51)

Three groups of indexes from heart rate recovery response

HTN (n=60)

p value

Difference Group
QDR (bpm/second) 0.06+0.04
SDR (bpm/second) 0.05+0.03

0.06+0.04 0.274
0.02+£0.03 <0.001

diff s (bpm) -1.32£0.48 —-1.02%0.36 <0.001
Exponential Group

agpi(second) 14.04£10.21  13,92+9.65 0.949
Residualfop 2.70+1.54 2.04£1.02 0.008
aspi(second) 10.11£10.08 18.78+11.09 <0.001
Residual’y 1.5140.72 2.31£1.29 <0.001
Quadratic Group

Clgn -0.04+0.02 -0.03+0.03 0.371
C2an 0.05+0.19 0.00+0.23 0.198
C3aqnr 128.29+14.51 130.83+11.25  0.301
Residual g, 0.20£0.25 0.22+0.23  0.582
Clgpy 0.02+0.01 0.01+0.01 <0.001
C2spr -1.24+0.45 -0.86+0.37 <0.001
C3sr 111.60 +14.57 116.58+£13.28  0.063
Residualy, 0.36+0.38 0.63+0.59 0.005

Data expressed as mean * SD.

From the results of correlation analysis, there
were strong linear correlations respectively between
Intervalgpr and aqpr(r = 0.970), Intervalgp and
aspi{7 =0.961), QDR and Clgy (7= —0.978),
SDR and Clgp (7 =0.976) in all 111 tested sub-
jects.

3 Discussions

We divided HRRR signal into 2 parts (QDI and
SDI) in the present study, then extracted and com-
pared 3 groups of indexes from HRRR signal between
NTN and HTN subjects.

The HRRR process is influenced by age!®’.
Therefore, the exercise testing was only performed
for the age-matched subjects ( Table 1) in order to
avoid the effect of age on the results. The means and
standard deviations of Rest HR were similar, which
indicated that there was no significant difference in
HR at rest status between NTN and HTN subjects.
Generally, both NTN and HTN have similar Rest
HR, but NTN subjects had smaller change of HR
than HTN subjects (38.63 vs. 46.40bpm) under the
same load of exercise.

Exponential and quadratic models were used to
fit curves respectively. As shown in Table 2, the
standard deviations of residuals with quadratic model
were near zero and much smaller than that with expo-
nential model, no matter whether for NTN subjects
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or HTN subjects, and no matter whether in QDI or
in SDI. Exponential model was used widely in previ-
ous studies because HRRR process was not divided in-
to QDI and SDI. Therefore, quadratic model was a
satisfying model to fit HRRR curve under the premise
However, for 6 indexes in
quadratic model ( ClQDI’ C2QD[, C3QD], Clgp,
C2gp; and C3sp), C3qpr and C3gpp should be ap-
proximated to HR_rec(A) and HR_rec( B) respec-
tively that could be obtained from HR.- rec (t).
Clqgp; was always negative and Clgp; was always pos-

of interval division.

itive. Thus, the greater were the absolute values of
Clgpi and Clgpy, the quicker was the HR recovery.
Nevertheless, C2qp; and C2gp; had no such property.
In addition, according to Eq. (5) and the definition
of QDR (SDR), the relationship between Clgp
(Clgpy) and QDR (SDR) was calculated as follows:
d’HR_ rec(t)
d?
2*C1QDI%'- QDR (A<t<B),
Z*CISDE%SDR (B<t<C)
(6)
This relationship was validated with the data shown
in Table 2 and the correlation coefficients between
QDR and Clgp{r= —0.978), SDR and Clgp {7 =
0.976). We recommended using QDR and SDR in-
stead of Clgp and Clgp;. Here, QDR and SDR rep-
resent the features in QDI and SDI respectively and
can directly be estimated from HR_. rec(t) without
any process of curve fitting.

Interval qp; was the time interval of HR to re-
cover while agp; was the time interval reaching 63 %
of HR to recover in QDI. Thus, there might be a lin-
ear relationship between Intervalqp and agp;. The
correlation coefficient proved that the linear relation-
ship was strong between Intervalqp and eqpi(7 =
0.970). Therefore, Intervalgp could be used to as-
sess HRRR process replacing agpi. So did Inter-
valgpy and agp(r =0.961). In this way, only simple
indexes in Difference Group were necessary to calcu-
late in HRRR analysis. It was unnecessary to fit
HRRR signal to any model. The effective indexes in
Exponential and Quadratic Groups could be estimated
from the indexes in Difference Group.

Imai et al. used HR decay constant during early
HRRR (30 seconds) as the independent and specific
index to assess PNS activity because HR decay con-
stant during late HRRR (120 seconds) would be af-

fected by SNS activity[m. In other words, the in-

creased PNS activity played a dominant role immedi-
ately after exercise stopped. However, the decline of
SNS activity started a while after exercise stopped.
Therefore, the whole HRRR process included two in-
tervals. In the first interval, HR descended quickly
only due to the increased PNS activity. In the second
interval, HR still descended slowly, which was the
result of decreased SNS and increased PNS activities.
The decreasing rate of HR in the first interval was
quicker than that in the second interval (Table 2) be-
cause the SNS and PNS activities were near to the
steady status in the second interval. We named the
first and second intervals QDI and SDI respectively.
Thus, the HRRR process in QDI would become slow
if the PNS was impaired. The abnormity would ap-
pear in SDI if the SNS was wounded. Certainly, the
whole HRRR process (both in QDI and SDI) would
be affected if both SNS and PNS were injured. Un-
fortunately, previous studies only emphasized that the
delayed HR decrease in QDI was a powerful predictor
of the mortality!?> ®), which might mislead us into
merely using QDI and omiting SDI in HRRR analy-
sis. In fact, PNS was dominant in cardiovascular reg-
ulation at rest status'!!! and the abnormal PNS activi-
ty perhaps was the primary inducement of death.
However, assessment of SNS should be performed in
HRRR because the SNS activity out of normal range
was also related to cardiovascular diseases, such as
hypertension. Many reports noted that the SNS ac-
tivity of HTN subjects was enhanced at restt 18191,
Our data of NTN and HTN subjects in QDI and SDI
agreed with these conclusions (Tables 1 and 2).
Since no significant difference in PNS activity was
found between NTN and HTN subjects[ls'w], almost
all of the extracted indexes from QDI demonstrated a
similarity in both NTN and HTN groups ( Inter-
'uaZQD[, a QDR C]-QDI’ C2QDI and C3QDI) As expect-
ed, significantly different indexes in SDI were identi-
fied between NTN and HTN subjects ( Intervalsp;,
SDR, agp;, Clgpyand C2gp;). In QDI, HR for both
NTN and HTN subjects decreased with a steady rate
because the enhanced PNS activity in HTN subjects
was the same as that of NTN subjects. In SDI, the
SNS activity declined along with the increase of PNS
activity. We considered that HTN subjects had a
higher SNS activity at rest (recovered) status, thus
in these subjects the decrease in SNS activity was less
than NTN subjects, which led to a slower decreasing
rate in HR. Thus, HTN subjects had a slower recov-
ery process in SDI, not in QDI when compared with
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NTN subjects.

4 Conclusions

We describe a method to extract HRRR signal
based on wavelet decomposition and difference curve
of coarse component from HR signal in the present
study. Then, the HRRR signal was divided into QDI
and SDI. Three groups of indexes were defined as
Difference, Exponential and Quadratic Groups re-
spectively, compared between 50 NTN and 61 HTN
subjects.

The results showed that there were strong corre-
lations between some indexes of Difference, Exponen-
tial and Quadratic Groups. Therefore, only simple in-
dexes in Difference Group were calculated to represent
the features of HRRR process and the procedure of
curve fitting was needless.

Furthermore, PNS activity is dominant in QDI,
while SNS and PNS activities affect SDI together.
The SNS and PNS activities could separately be as-
sessed by the interval division of HRRR. The greater
were the absolute values of QDR and SDR, the better
were the functions of PNS and SNS. In conclusion,
the proposed method using HRRR was verified by the
data from HTN subjects and could assess effectively
the activity of ANS. )
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