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Abstract The article is devoted to the description of the
results of wavelet analysis of fetal heart rate detecting by car-
diotocography method. A number of conclusions are made
on the base of such an analysis.

It is a part of the research program of creation of a new
diagnostic model estimating fetal conditions in antepartum
period.

Keywords Fetal heart - Wavelets - Cardiotocography -
Antepartum

Introduction

During pregnancy and labour, the medical staffs employ fetal
heart rate (FHR) recordings for evaluation of fetal well being.
Antepartum FHR monitoring in the form of the nonstress test
(NST) by using cardiotocography (CTG) is popular because
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of (1) it is easier to use; (2) it has no contra-indications;
(3) it is non-invasive; (4) may be used repeatedly; (5) it can
be applied in the outpatient department [1]. Necessity of
visual assessment by physicians causes poor intra-observer
and inter-observer reliability. The interpretation of observed
CTGs is a skill which is acquired through years of experience
[2].

The normal FHR pattern is characterized by a baseline
frequency between 110 and 160 beats per minute, pres-
ence of periodic accelerations (FHR-increasing more than
15 beats/min lasting more than 15 s), normal heart rate vari-
ability with a bandwidth between 5 and 25 beats per minute
(it is called reactive pattern of NST reading) and the absence
of decelerations (FHR-decreasing more than 15 beats/min
lasting more than 15 s) [1]. The poor fetal condition is as-
sociated with decreasing of FHR variability. However, de-
creasing FHR can be also observed in normal fetal condition
during such fetal behavioral state as so called “quiet sleep”
(which can last for about 40 minutes). This FHR pattern
without accelerations with a low FHR variation is called
“nonreactive” result of NST. A diagnosis of fetal distress
should not be determined on the basis of nonreactive pattern
of NST if the recording did not last more than 45 minutes.
There is no criteria to distinguish nonreactive pattern of NST
during quiet sleep of normal fetus from FHR pattern in poor
fetal condition [3].

If obstetricians conclude from CTG that FHR pattern is
normal then it means almost surely the good condition of a
fetus. It makes the cardiotocography’ method useful. How-
ever, in cases of FHR patterns considered “abnormal” by
the obstetricians, at least half of these turn out to have been
false alarm. Thus the number of operative interventions is
dramatically increased since the introduction of CTG; many
of these having been unnecessary [4].
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Automatic analysis is created to overcome this difficulty.
Computerized CTG analysis can lead to uniform and ob-
jective interpretation by providing a reproducible determi-
nation of FHR characteristics. Computerized evaluation of
FHR also allows to estimate those characteristics that can-
not be assessed by visual analysis. For example—short-term
variation (STV, criteria Dawes-Redman)—pulse interval dif-
ferences for 3.75-s epoch, which is applied in the most widely
used system for the numerical analysis of NST, namely, in
the computer program made by Sonicaid System. Comput-
erized analysis allows us to assess FHR variability more
exactly and to raise accuracy of perinatal outcome predic-
tion. Presence of episodes of a high variation lasting 10 or
more minutes indicates more than 99% of normal NST read-
ings. However, using this program it is not possible to assess
fetal well-being during quiet sleep because the low FHR
variation of healthy fetuses during quiet sleep cannot be dis-
tinguished from the low variation of compromised fetuses
[5].

Recently, it is developed the heart rate variability (HRV)
assessment in the frequency domain using digital signal pro-
cessing techniques. Power spectral descriptions of HRV (dif-
ferent kind of Fourier analysis) are now widely used tools
for the assessment of autonomic function and the prediction
of outcome in some kinds of pathological conditions [6].
Wavelet transform, on the other hand, is a very new analysis
method. The main advantage of wavelet transform analysis
is in the obtaining of the additional information about the
period of time when the various spectral components appear
in the signal. In this way, sudden amplitude and/or frequency
jumps can be detected. Using wavelet transform analysis of
heart rate variability in adults has demonstrated more possi-
bility in prediction of outcome in some kinds of pathological
conditions [7]. Wavelet transform has been applied only in
a few studies for the analysis of FHR during labour [8].
The aim of our work is to study possibility of analysis of
amplitude-frequency characteristics FHR which is obtained
by using wavelet transform analysis for indication of fetal
condition. We determine certain amplitude-frequency char-
acterization of the FHR in a number of frequency bands
(see [9]). By using multiply regression method we propose
a new diagnostic method for prediction of the anterpartum

asphyxia. The diagnostic efficiency of the model is analyzed
on the base of such analysis.

Methods

We have analyzed 121 FHR records. 37 FHR records were
obtained in 9 cases of intrauterine deaths from asphyxia
during antepartum period (during pregnancy) from 1992
through 2003 in Obstetric Clinic of Minsk District and
Clinical Hospital No. 7 in Minsk. The fetuses of these
women had pathoanatomical sigh of fetal asphyxia. 84 FHR
records were obtained from 31 women with normal perinatal
outcome.

The CTGs were registered during pregnancy using ex-
ternal method by the cardiotocograph “Corometrics.” The
mean duration of records was 18 min (Clysq, = 17—19 min).
The CTGs with purely sinusoidal shape were excluded from
analysis since they surely means a bad situation with a fe-
tal (see, e.g. [1]). The sampling frequency cardiotocography
“Corometrics” was 1 Hz.

To develop amplitude-frequency characterization of the
FHR we use wavelet analysis. The original CTG’s have a a
form of a continuous curve of a finite length. Anyway, the real
information is presented only in a collection of points on the
curve. Therefore, starting from integral (continuous) wavelet
transform we deal later only with discrete information which
is analyzed by using discrete wavelet transform. To do this
we create an algorithm for such a discrete analysis. Let us
briefly describe it.

The CTGs are converted in digital form. Before using
wavelet analysis digital data of CTGs we transfer in form
which was possible for wavelet analysis. First, the character-
istic points of the CTGs are obtained. Then we detect a new
signal length which was equal the second power. For this we
applied the following formula:

N = 2[log2 nl+1

‘We rebuilt the data collection into time series by exploiting
extrapolation/interpolation and possible moving of the above
characteristic points.

Fig. 1 Fetal heart rate
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For computing signal value x(#;) in new data set #; we apply
polynomial interpolation in internal range or extrapolation
out of signal. Wavelet coefficients are obtained by carrying
out a discrete wavelet transform.

1 r t—>b
T(avb):ﬁ/g< a

where transform coefficients T(a, b) are computed for spe-
cific locations on the signal, # = b, and for periods (which are
a function of a), g is the analyzing wavelet function and x(¢)
is volume FHR signal.

For instance, if we take as wavelet family the
Haar wavelets we have that the Haar wavelet family
{¥} ()} is the orthonormal basis for the L*([0,1]) functions:

)x(t)dt,

Yi(r) = 2"y (2" — k), HW;?(OHL; =1,
—n/2 k. k+1/2
_2 / 5 t e [27’ on )7
V() = —n 12 k1) 0=<n,0=<k<2"-1),
k 2/2,te[2n,;),

0, elsewhere,

Given the discretization of the function {x;}, x; =
X)) ti =i /(N =1),(i=0,...,N —1), N =2"_the La-
grange polynomial interpolation of {x;} gives:

N—1
(t = 1)

x() =Y L@, () = I1 —
i=0 k=0,....i—1,i+1,.... noy = 1)

being /;(¢) the Lagrange coefficients.
With the Haar wavelets and the discretization: a =
27" b = 27"k the continuous wavelet transform becomes

Nijl (k+1/2)2" l_[
TR 2" =-2" x /
i=0 kj2 k=0,..i—1,t+1,...N—1
kj2"
r— 1y r— 1
o t—1n) dt—/ 1—[ ( k)dt ,
& — 1) CHD/2 4o it N1 & — 1)

The wavelet transform allows to decompose a signal into
components, in our case, we consider only 8 frequency
bands (Figs. 1 and 2). Thus we could choose the appro-
priate frequency scale from 8 ones in the wavelet transform
and analyze some amplitude characteristics (maximum range
(MR), standard deviation (SD) and mean absolute deviation
(MAD)) while ignoring the contribution of other frequency
scales.

A comparison between the groups are performed by using
Student #-test for continuous variables with normal distri-
bution and Mann—Whitney U-test for continuous variables
without normal distribution. The values with the probability

less than 0.05 are considered statistically inessential. Multi-
ple logistic regression was used to investigate the diagnostic
significant of FHR gain-frequency characteristics and to cre-
ate diagnostic model to predict anterpartum asphyxia. Diag-
nostic model is created to analyze data of training sample of
CTGs. 40 CTGs without accelerations, decelerations, brady-
and tachycardia, with mean oscillation amplitude ranged
from 3 to 5 beat/min were included in training sample. 20
CTGs of training sample were obtained from women with
abnormal perinatal outcome and 20 CTGs of training sample
were obtained from women with normal perinatal outcome.
Efficiency of the created diagnostic model is checked by
analyzing data of examination sample of the rest 81 CTGs.

Results

FHR gain-frequency characteristics of training sample of
CTGs are analyzed in order to find new diagnostic criteria
of fetal condition. There were no statistical significant dif-
ferences between all amplitude characteristics in five low
frequency bands excepting MR ranged from 0.01 to 0.02 Hz
and from 0.04 to 0.07 Hz. SD and MAD of FHR in three high
frequency bands (>0.3; 0.14-0.3; 0.07-0.14 Hz) are statis-
tically significant lower in cases of intrauterine deaths. The
area under the ROC curve and its SE is greatest for MAD in
frequency bands from 0.14-0.3 Hz (0.83, 0.06, p<0.001,n =
40). These data allow to predict intrauterine death by analy-
sis of CTGs without accelerations, decelerations, brady- and
tachycardia, with mean oscillation amplitude from 3 to 5
beat/min (Tables 1 and 2). Multiple logistic regression was
used to investigate the relationship of FHR gain-frequency
characteristics and anterpartum fetal asphyxia and to cre-
ate diagnostic model to predict perinatal outcome. Variables
were selected by a forward-step procedure. The criterion
for selection in the model was probability value of <0.05.
The diagnostic model included SD in range >0.3 Hz and
MAD ranged from 0.14 to 0.3 Hz. The created diagnostic
model is detecting compromise fetal condition in 18 from 20
CTGs (90%, Clgsq, = 68—99%) obtained in cases of intrauter-
ine deaths and normal fetal condition in 18 from 20 CTGs
obtained in cases of normal perinatal outcome. Diagnostic
efficacy for CTGs training sample was 90% (Clysq, = 76—
97%). We have checked diagnostic efficiency of the created
model by analyzing the rest 81 CTGs from the examination
sample whose data are not analyzed at the creating diagnostic
model. It is used to determine the compromised fetal condi-
tions in 17 from 17 CTGs obtained in cases of intrauterine
deaths and normal fetal condition in 58 cases from 64 CTGs
(91%, Clgsq, = 81-96%) obtained in cases of normal peri-
natal outcome. The comparison of the diagnostic efficiency
of training and examination samples of CTGs confirms high
sensitivity and specification of our model.
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Fig. 2. The wavelet frequency
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We perform certain additional computations. predict intrauterine death was 0.73 (SE = 0.06, p = 0.012,
n=40).

2. The areas under the ROC curves and their SE for the
difference between volume SD in frequency ranges from
0.14 t0 0.3 Hz and volume SD in frequency range >0.3 Hz
and the difference between volumes MAD of the same
frequency range was 0.76 (SE=0.07, p =0.003, n =40)
and 0.84 (SE=0.06, p < 0.001, n =40), respectively.

1. Median volume ratio SD to MAD in frequency band
>0.3 Hz is statistically essentially higher (1.34, quar-
tile boundaries from 1.28 to 1.43, n=20) in cases of
intrauterine deaths than in cases of normal perinatal out-
come (1.28, quartile boundaries from 1.22 to 1.32, n = 20,
p=0.01). The area under the ROC curve and its SE for
volume ratio SD to MAD in frequency range >0.3 Hz to

Table 1 FHR gain-frequency characteristics of training sample of CTGs (high frequency bands)

MR (beats/min) SD (beats/min) MAD (beats/min)

CTGssample M  CI95% Me/N QI M  CI95% Me/N QI M  CI95% Me/N QI

Frequency range >0.3 Hz
I* 46 3.2-6.1 3.7/0.001 2.9-48 0.32 0.28-0.37 0.3/0.1 0.26-0.36  0.23 0.21-0.26 0.23/04  0.2-0.26
n* 45 3.7-53 4.3/0.08 29-54 038 0.34-0.43 0.38/0.04 0.31-0.48 0.3 0.27-0.33 0.28/0.08 0.25-0.37
p** 0.5 0.049 0.01

Frequency range 0.15-0.3 Hz
I 6.1 4.7-7.6 5.4-0.01 4.5-6.6 0.54 0.48-0.6 0.56/0.5 0.41-0.62 0.39 0.36-0.43 0.39/0.6 0.34-0.43
I 6.8 5.9-7.7 6.9/0.5 5.1-8.1 0.67 0.6-0.75 0.65/0.09 0.54-0.8 0.52 0.46-0.58 0.49/0.06 0.42-0.62
p 0.13 0.02 0.0004

Frequency range 0.07-0.15 Hz
I 7.6 59-94 7.0/0.01 4.6-9.2 0.87 0.77-0.98 0.87/0.8 0.69-1.02 0.63 0.57-0.7 0.64/0.8 0.52-0.74
I 8.7 7.5-98 8.1/0.8 7.2-10.0 1.03 0.93-1.13 1.03/0.08 0.83-1.24 0.77 0.7-0.84 0.76 0.65-0.91
p 0.09 0.03 0.006

Frequency range 0.04-0.07 Hz
I 82 6.8-95 7.7/0.001 6.6-84 12 1.1-13 1.2/0.9 0.96-1.35 0.86 0.78-0.94 0.88/0.6  0.71-0.98
I 11.8 9.3-14.4 10.2/0.001 8.4-139 14 1.2-1.6 1.4/0.6 1.1-1.6 098 0.87-1.1 0.98/0.2  0.74-1.17
p 0.01 0.06 0.1
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Table 2 FHR gain-frequency characteristics of training sample of CTGs (low frequency bands)

MR (beats/min) SD (beats/min) MAD (beats/min)

CTGssample M  CI95% Me/N QI M  CI95% Me/N QI M  CI95% Me/N QI

Frequency range 0.02-0.04 Hz
I 9.1 7.3-109 8.1/0.3 6.1-11.8 14 12-16 1.3/0.3 1.1-1.7 1.1 09-12 09/0.1 09-1.2
I 11.5 9.1-139 10.6/0.3 7.7-15.1 1.5 13-1.8 1.5/0.5 1.1-19 1.1 09-12 1.0/0.5 08-1.4
p 0.1 0.5 0.9

Frequency range 0.01-0.02 Hz
I 6.7 55-79 6.2/04 53-89 14 12-16 15/09 1.1-1.7 1.1 09-13 1.1/0.8 0.8-1.3
I 11.3 83-14.3 8.0/0.01 7.5-16.6 1.7 14-2.1 1.6/0.06 14-19 1.1 1.0-1.3 1.1/05 08-14
P 0.01 0.2 0.9

Frequency range 0.005-0.01 Hz
I 62 49-76 6.1/0.08 3.8-80 14 12-1.7 14/0.2 1.0-1.7 1.1 09-13 1.1/04 08-1.3
II 69 5.0-89 5.6/0.001 45-77 15 1.2-1.8 14/0.01 1.0-1.7 1.1 09-1.3 1.1/0.03 0.8-1.3
p 0.8 1.0 0.8

Frequency range <0.005 Hz
I 5.1 4.1-62 4.6/0.01 3459 14 12-17 1.3/0.7 1.1-1.8 1.2 1.0-14 1.1/0.5 1.0-1.5
I 54 4.0-6.8 45/0.01 35-63 14 1.1-1.7 12/0.001 1.0-1.6 1.1 09-1.3 1.0/0.04 09-1.4
P 0.9 0.5 0.4

Note. 1 — The training sample CTGs in the cases of intrauternine deaths (n = 20); II — The training sample CTGs in the cases of
normal perinatal outcome (n = 20); N — result of Shapiro-Wilk test: “+ ” — normal distribution, “-” — abnormal distribution; CI 95%
—95% confidence limits for means; QI — quartile limits for medians; p — a probability value obtained by a comparison between the
group means was performed with Student ¢ tests fpr variables with normal distribution (and results Levene equal-varince test) and
with Mean—Whitney U tests for variables with abnormal distribution.

Discussion

We have applied wavelet analysis in order to find new useful
criteria to predict perinatal outcome. There exists no com-
puter program to detect fetal condition by FHR analysis
using any special mathematical approach (fast Fourier trans-
form, wavelet transform) in clinical practice. Efficiency for
detecting fetal conditions on the second stage of labour is
shown only for SD in the scale corresponding to the central
frequencies 0.04 Hz.

The most effective criteria of computerized FHR pattern
is STV. The volume of this criterion is influenced both by
0.26 Hz oscillations and oscillations of all other frequencies.
To exclude the effect of STV volume at the decelerations pe-
riods containing them we discard these time-intervals from
analysis. However STV cannot distinguish the low FHR vari-
ation of healthy fetuses during quiet sleep from the low vari-
ation of compromised fetuses.

Our results show that the most effective of the analyzed
FHR gain-frequency characteristics is MAD in the frequency
bands from 0.14 to 0.3 Hz. We conclude that this criteria
is close to STV but it gives a new method which allows
to minimize the influence of all other frequencies. On the
base of an analysis of CTGs without accelerations, decel-
erations, brady- and tachycardia, with mean oscillation am-
plitude from 3 to 5 beats/min discover that it is effective in
prediction of the intrauterine death. In particular it gives pos-

sibility to perform an analysis of low variable CTGs which
give no information for visual analysis.

We show that the study of different amplitude char-
acteristics—SD and MAD—and amplitude characteristics
of different frequencies allows to increase the accuracy of
the perinatal outcome prediction. We find out that changing
volume between different amplitude characteristics and be-
tween amplitude characteristics of different frequency ranges
has a diagnostic significance. Indeed ratio SD to MAD in fre-
quency range >0.3 Hz was statistic significant lower in cases
of normal perinatal outcome. It can reflect on the increasing
of fluctuation variability FHR in frequency bands >0.3 Hz
in the case of compromise fetuses. Both the quotient be-
tween volume SD in frequency range from 0.14 to 0.3 Hz
and volume SD in frequency range >0.3 Hz and the quo-
tient between volumes MAD of the same frequency range
were statistic significant lower in cases of intrauterine death.
It can reflect on the decreasing of the fluctuation variabil-
ity FHR between amplitude characteristics of different high
frequency bands for compromise fetuses.
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