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Wavelet and receiver operating characteristic analysis of heart rate variability
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Multiresolution wavelet analysis has been used to study the heart rate variability in two classes of patients
with different pathological conditions. The scale dependent measure of Thurneret al. was found to be statis-
tically significant in discriminating patients suffering from hypercardiomyopathy from a control set of normal
subjects. We have performed Receiver Operating Characteristc~ROC! analysis and found the ROC area to be
a useful measure by which to label the significance of the discrimination, as well as to describe the severity of
heart dysfunction.
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In recent years there has been growing interest in ap
ing techniques from nonlinear dynamical systems theory
biological, physiological, and ecological systems. Many
the techniques involve the analysis of a time series. Car
vascular signals, and in particular the interbeat (R-R) time
intervals, provide an easily accessible time series and as
have been the focus of much attention. Heart rate variab
~HRV! exists even in the absence of physical or mental st
and may be considered a normal feature of healthy patie
There are many irregularities in this variability which a
thought to be due to nonlinearities in the control netwo
which in turn are principally determined by the autonom
nervous system and circulating humoral agents. In hea
~normal! subjects, it has been suggested that nonlinear
namics appears to give a reasonable description of the h
rate @1–3#. Under pathological conditions, for example
congestive heart failure, there is a reduction in the comp
ity of the HRV. There is some evidence to suggest that
cardiac vagal activity is responsible for this complexity a
hence any loss in complexity may be attributed to dysfu
tion of the cardiac system. It has also been suggested
detailed nonlinear analyses of the heart rate variability co
lead to a diagnosis of pathological conditions. In such
cumstances, it would be useful to have some measure
which such a diagnosis could be made.

Recent studies have focussed on identifying a relia
measure by which normal and pathological subjects may
differentiated. In this vein, Ivanovet al. @4# suggested tha
the probability distribution function of theR-R intervals, af-
ter wavelet analysis and suitable scaling, can provide
such a measure. More recently, Thurneret al. @5# identified a
HRV measure by which the condition of a cardiovascu
system could be assessed. This measure is obtained by
performing a multiresolution wavelet analysis of the HR
time series, which decomposes the signal into its compon
at the different scales. By using wavelets, the nonstationa
effects inherent in the signal are removed@4#. Wavelets also
have the property of acting like a ‘‘mathematical micr
scope’’ since by varying the scale of the wavelet, one c
focus on different features of the dynamics. Using this m
sure, Thurneret al. @5# demonstrated that the standard dev
tion of the wavelet coefficientssw(s) was a good scale~s!
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dependent measure which could be used to discriminate
tween heart failure and normal subjects. Following on t
work, Nunes Amaralet al. @6# proposed a scale-independe
measure obtained from the scaling of the partition funct
of the wavelet coefficients. They also claimed this to be
effective discriminant of pathological conditions. It must b
noted that all of these studies concentrated on patients
fering from quite serious heart problems which would
expected to be manifest in the HRV.

The success of these studies led Maronneet al. @7# to
investigate the usefulness of these measures in stud
other physiological time series and different pathologi
states. They found that by applying the standard devia
measure on the time series of systolic blood pressure wa
maxima, it was indeed possible to differentiate between n
mal subjects and those with a condition called vasova
syncope. Following this line of thought, we have also
tempted to determine the range of the usefulness and a
cability of these methods. We have considered two differ
diseased states, both of which may be attributed to dysfu
tion of the autonomic nervous system. As such these path
gies might be expected to be reflected in the HRV distrib
tions. The results of these studies forms the content of
paper.

Patients with the condition termed hypertrophic car
omyopathy~HCM! exhibit abnormal autonomic function re
sulting in an increased risk of sudden death with exerc
Although there may be distinct abnormalities in the elect
cardiogram~ECG! of patients with HCM, as a result of in
trinsic myocardial abnormalities~e.g., in the form of the
QRS complexes and repolarization phases!, we are primarily
interested in detecting differences in the HRV which is d
termined principally by the autonomic nervous system a
circulating humoral agents. ECG measurements were ta
from two classes of patients:~a! a control group of 14
healthy subjects, selected from a large group and caref
screened for previous heart problems, with normal heart
and blood pressure;~b! a group of 13 subjects with genet
cally determined HCM. The two groups were approximate
age and gender matched. The data were acquired using
BIOPAC AcqKnowledge III system and was sampled
10-ms intervals with 16-bit resolution. Because of the
©2002 The American Physical Society01-1
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creased risk to HCM patients when exercising, any diff
ences in the HRV might be expected to be exaggerated in
state. They and the control group were examined while
rest and during exercise. Under resting conditions, each
ject lay supine on a bed, while exercise was performed o
semierect cycle, with progressive work load increments~3-
min. stages! to a symptom limited maximum.

We have also studied the pathological condition of v
ovagal syncope~VS! which was the subject of investigatio
by Marroneet al. @7#. This condition is thought to be due t
a dysfunction of the autonomic nervous system which
result in a blackout when the patient experiences a sud
stimulus like the shift in blood volume around the body. Th
is especially manifest in a sudden vertical tilt of a patie
initially lying horizontally. Instead of examining the tim
series of blood pressure maxima as was done by Marr
et al., we have again studied the time series of theR-R in-
tervals. For all the subjects, both normal and those wit
tendency to VS, the ECG was measured with them ly
down in a horizontal position and with them in a tilted po
tion 60° from the horizontal.

In both of these pathological states, the condition of
patients are expected to deteriorate under the appropriat
ternal stimuli~exercise and tilt!. These subjects might there
fore also be expected to display a changed HRV pattern f
that in the rest state.

Once the time series of theR-R intervals,a( i ), was ex-
tracted from the ECG signals, a wavelet analysis was car
out. In this approach, the time series is expanded in a wav
basis set. The wavelet coefficients are given by

ws,n522s/2(
i 50

T21

a~ i !c~22si 2n!, ~1!

wheres is the wavelet scale,n the interbeat number~which is
an integer!, andT the number of samples.c represents the
mother wavelet. In order to discount the effects of nons
tionarity and other variations, different mother wavelets~the
Haar and the Daubechies 4, 12, and 20 coefficient filte!
were considered. The sequence of wavelet coefficient s
dard deviationsw(s) is determined through the equation@5#

sw~s!5S 1

T21 (
n

@ws,n2w̄s,n#2D 1/2

, ~2!

wherew̄s,n is the mean wavelet coefficient.
The first set of calculations were carried out for the HC

subjects and for the corresponding control set of normal s
jects, under both rest and exercise conditions. In Fig. 1,
sw , thus obtained, are plotted as a function of scale for
Daubecies-20 coefficient wavelet. The results for the ot
wavelets, although differing in the details, were found to
very similar and so provided little new information for th
purposes of this paper. Under rest conditions, it is clear
both sets of subjects display very similar spreads ofsw as
well as covering the same range of values. Because of
overlap between the two sets of results, there is no discr
nation between HCM and normal subjects when both gro
are at rest. There is, however, a significant level of discri
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nation between the two groups while exercising. The norm
group has a similar spread to that found when they are
rest, although the average value ofsw is slightly lower. By
contrast, thesw of the HCM subjects display a greate
spread in their values. Unlike that found for the heart failu
subjects by Thurneret al., there is no complete separation
the two data sets. However, we too find that the discrimi
tion appears to be best for scaless54 ands55. In order to
test the statistical significance of these results, we carried
a Wilcoxon-Mann-Whitney~WMW! rank test. This tests the
hypothesis that data from two sample sets belong to the s
distribution. Thus, in our study, we pose the the question
whether the HRV distribution of the HCM patients are s
tistically the same as those of the normal subjects. T
WMW is the appropriate choice of a nonparametric t
when confronted with non-Gaussian data sets of relativ
small size. From the results of the rank test on the pair
data sets determined during exercise conditions, we find
there is a probability of less than 1023 that both sets of
samples~normal and HCM! are drawn from the same con
tinuous distribution function. By contrast, the WMW ran
test on the two groups while resting gives a critical value
the sum of ranks indicating that the probability that the tw
data sets belong to the same distribution function is gre

FIG. 1. The variation of the standard deviation of the wave
coefficientssw with wavelet scales for normal and HCM subjects
under~a! rest and~b! exercise conditions.
1-2
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BRIEF REPORTS PHYSICAL REVIEW E 65 022901
than 0.1. This is not statistically significant and so allows
to conclude that the HRV distributions of HCM and norm
subjects are the same while resting, but significantly differ
when they are exercising.

Receiver operating characteristic~ROC! analysis is a
good method for assessing the suitability of a measure
binary hypothesis testing@8,9#. It provides another way o
testing the hypothesis that two distributions are different. T
ROC curve is obtained by plotting the proportion of path
logical subjects being correctly identified~called the sensi-
tivity ! against a specified proportion of normal subjects
ing incorrectly diagonosed~1 2 specificity!. ROC analysis is
particularly useful for quantifying the overlap between fa
negatives and false positives. Pure chance would result
line along the diagonal with a ROC area~the area under the
ROC curve! of about 0.5. The maximum ROC area of 1
would correspond to disjoint distributions. Thus the RO
area provides a single number measure of the difference
tween two distributions.

Thurner et al. @10# ~TFLT! used this appoach in the
analysis of the HRV measuresw of their earlier study@5#.
We have also chosen to apply this method as it provide
means of comparing between different pathological sta
This is of particular importance due to the overlap in t
range ofsw values for the HCM and normal subjects. Fo
lowing the approach of TFLT, we also determined that RO
curves for those wavelet scales for which the overlap w
least (s54 ands55). The result, fors55 under exercise
conditions, is shown in Fig. 2. We have used the same d
nition of the axes as TFLT,viz. the vertical axis is the sens
tivity, indicating the propotion of HCM patients being co
rectly identified, and the horizontal axis is~1 2 specificity!
which is the proportion of control subjects falsely identifie
From the figure, it is clear that the ROC curve is well aw
from the chance line@8#. The area under the ROC curv
shown in Fig. 2 is approximately 0.86 confirming the resu
of the WMW test that the HRV distributions for the HRV an
normal subjects while exercising are significantly differe
By contrast, the ROC curve for the two sets under rest c
ditions is a zigzag line closely following the chance line. T

FIG. 2. Histogram showing the ROC curve of thesw measure
for the HCM/normal comparison under exercise conditions.
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area under the ROC curve in this instance is only sligh
greater than 0.5. This supports the rank test results but g
a better numerical measure to the discrimination.

Similar analyses were conducted for the group of subje
with VS and for their normal counterparts. The discrimin
tion between the two sets of results in both horizontal~rest!
and inclined states are less good than for the HCM subje
However, in both tilted and nontilted states, there appear
be some measure of discrimination from the WMW rank te
For example, at wavelet scales55, the probability of con-
currence is 0.01. Interestingly, the spread ofsw for the syn-
cope subjects is significantly less than that for the normal
at this wavelet scale~Fig. 3!. It is surprising to note that there
is no significant difference between the results obtain
when the subjects were horizontal or tilted. A ROC cur
analysis of the data gives slightly different results. For sc
s55, we find that the area under the ROC curve for the t
sets while resting is 0.6 but reduces to only 0.5 when tilt
These results lead us to believe that VS is not manifest in
HRV.

In summary, we have performed a wavelet analysis of
interbeat interval time series from two classes of patients.
conclude that~i! sw is a good measure to use in compari
the HRV of pathological conditions with those of norm

FIG. 3. The variation of the standard deviation of the wave
coefficientssw with wavelet scales for normal and VS subjects in
~a! horizontal rest and~b! tilt configurations.
1-3
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subjects;~ii ! ROC curve analysis is a very useful method
which to assess the suitability of HRV measures. In parti
lar, the fact that the ROC area of the HCM pathological st
changes between rest and exercise conditions support
view that there is a correlation between ROC area and se
ity of cardiac dysfunction. Thus HRV is significantly diffe
av

et

02290
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ent in HCM patients only while exercising. However, th
results of the VS patients indicate that this measure may
be used as a discriminant for just any pathological conditi
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