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Abstract

We used Empirical Mode Decomposition (EMD) to as-
sess the high frequency information of fetal HRV during
different conditions of fetal activity. Beat-to-beat data of
thirteen normal fetuses at term (36 to 40 gestation weeks)
were obtained from abdominal ECG signals. In addition,
corporal and breathing fetal movements were simultane-
ously observed using ultrasound B mode images. High
frequency components of fetal HRV data were obtained
by applying the EMD and by reconstructing the signals
from components having frequencies higher than 0.3 Hz,
according to the lowest frequency of fetal breathing move-
ments observed in our data. Our results show significant
differences in the power of high frequency components for
episodes only with breathing movements vs no movements
and vs. episodes having corporal movements (p < 0.05).
In conclusion, EMD seems to be a useful tool to analyze
the effect of the FBM on non-stationary fetal HR time se-
ries.

1. Introduction

Fetal heart rate (FHR) patterns are generally used to as-
sess fetal well-being. These patterns could show changes
depending on pathological conditions as hypoxia and fetal
distress, but also on physiological states of normal fetus
as age and fetal behavior [1]. During fetal corporal move-
ments (FCM), for example, FHR patterns change generally
causing accelerations (fetal reactivity) and it has been asso-
ciated to healthy fetuses [2]. It also has been observed that
fetal breathing movements (FBM) cause that short term
variability of fetal heart rate increases, and it has been asso-
ciated to respiratory sinus arrhythmia (RSA) [3, 4, 5]. Fetal
RSA analysis has been suggested as a useful tool to evalu-
ate nervous development [6, 7]. As FBM and FCM affect
FHR and fetal heart rate variability (FHRV) and their in-
cidence is variable (depending on multiple factors as age,
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blood glucose level, etc.), it is necessary to consider them
on FHRYV analysis.

Different methods to analyze FHRV have been pro-
posed, most of them based on long- and short-term FHRV
indexes. These indexes are usually obtained from time and
frequency domain data after removing accelerations and
decelerations and they are frequently based on statistical
and spectral analysis respectively [8, 9]. However, the reli-
ability of the techniques used for this analysis depends on
the stationarity of the signals.

Empirical Mode Decomposition (EMD) is a useful
method to analyze non-stationary and non-linear time se-
ries and it has been used on HRV analysis for long-term
adult records [10]. Given the non-stationary nature of FHR
time series, the aim of the present study was to explore the
detection of fetal RSA by using EMD.

2. Methodology

Twenty-four abdominal ECG records were obtained
from thirteen pregnant women (24 + 3 years old) with fe-
tal gestation ages between 36 and 40 weeks and low to
middle risk factors. In addition, fetal corporal and breath-
ing movements were simultaneously observed by using ul-
trasound B mode images and indications of each type of
movement were generated. All the registers were made be-
tween 8:30 and 10:30 hours, with time period after patient
breakfast less than three hours. Subjects provided their in-
formed consent to participate in the study.

2.1. General procedure

Beat-to-beat fetal HRV data were obtained from five
minutes abdominal ECG signals using a build on tested al-
gorithm. In order to generate indications of FBM, one ul-
trasound video observer keep holding a marker during the
time where fetal “inspiratory efforts” were present, other-
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Figure 1. Scheme of the method proposed for data analysis

wise it was released. In the same way, other observer gen-
erated indications corresponding to each FCM by pressing
another marker when corporal movements were identified.
Thus, the high value of binary indications corresponded to
corporal movements or “inspiratory” effort presence and
low value to absence of corporal or breathing movements.

High frequency information of FHR time series were
obtained by applying the EMD (see below) and by recon-
structing the signal from high frequency components. The
power of reconstructed signals was analyzed using five sec-
onds length window. Windows were classified according
to the fetal activity in one of four types of episodes: 1)
with both kind of movements, 2) just with breathing move-
ments, 3) only with corporal movements or 4) with none
of them. Finally, the mean power of each condition, were
compared against the condition with FBM , because it was
considered as control. This process is shown in figure 1.

2.2. Empirical mode decomposition

The decomposition method [11] is essentially based on
the identification of the extremes of the original time se-
ries to apply a sifting procedure in which upper and lower
envelopes are created by a cubic spline interpolation of the
local maxima, and local minima, respectively. The differ-
ence between the original data X (¢) and the mean m; ob-
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tained from the upper and lower envelopes is designated as
the first potential component C1),

ClPZX(t) — ma (1)

Ideally, this component will be an Instantaneous Mode
Function (IMF), which becomes suitable for defining a
meaningful instantaneous frequency [11]. Yet new ex-
tremes can be generated, with the existing ones being ei-
ther shifted or exaggerated. Thus, the sifting procedure
must be applied more than once to eliminate the riding
waves and to achieve a more symmetrical wave-profile by
smoothing the uneven amplitudes. According to Huang et
al. [11], a threshold should be computed by summing the
squared normalized amplitude differences from two con-
secutive sifting results, between 0.2 and 0.4 as a possi-
ble limit to obtain the desired IMF first component (C1).
Once this condition is reached, the first component C' is
subtracted from the original series X (¢) to leave the first
residue, Ry

Ry

X(t)-Ch 2

As this residue still contains information for longer
scales, the decomposition procedure described above is
then successively applied to obtain the next component.
Each time a new component is reached, the new residual
information is employed as the input information for the
continuation of the procedure. Hence, the decomposition
performs a general separation of the original signal into lo-
cally non-overlapping time scale components.

2.3. High frequency analysis

EMD was applied to original beat-to-beat FHR time se-
ries to obtain its components. After a spectral analysis, of
each component, those with frequency content higher than
0.3 Hz were selected to reconstruct the high frequency sig-
nal. This limit value was selected according to the lowest
FBM frequency identified in our data.

Once high frequency signals were reconstructed, the
power was computed every 5 seconds, using overlapped
windows. These windows were delayed by one sample, in
order to follow consecutive changes on power value due to
episodic behavior of fetal activity. The equation 3 shows
how power was computed, while figure 2 presents the re-
sultant signals after applying this sequence to one record.

oy

n

p(x) 3)

where z is the signal to analyze (in this case high fre-
quency FHRV), < means the sample index and n is the win-
dow length.
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Figure 2. a) FHR time series of one fetus. b) Recon-
structed signal using the high frequency components. c)
Windowed power using continuous 5 sec windows

2.4. Classification

According to fetal activity, windows were classified as
without FBM when episodes of breathing akinesia (“ap-
nea”) were present for periods longer than 50% of the
window length, otherwise, they were classified as having
FBM. Given that fetal heart rate responds to a FCM with
an acceleration (fetal reactivity) and that it can persist even
when the FCM have finished, we used a fifteen seconds
time delay after a corporal movement finished to establish
the end of this condition. So, all the windows that match
with the time from the beginning of the FCM marker to the
end of the time delay described above, were considered as
with FCM. This delay time was suggested by empirical ex-
perience according to fetal reactivity observed. The com-
bination of these two types of movements gave us the four
possible fetal activity conditions described in General pro-
cedure.

2.5. Data analysis

Three of the thirteen subjects were not consider on the
analysis because they did not present one or more condi-
tions of fetal activity described above. This gave us twenty
records to be analyzed.

After window classification, the mean power for each
condition was computed per patient as a parameter to as-
sess the effect of fetal activity on FHRV. ANOVA test for
repeated measures was used to compare the mean power
among the conditions. Bonferroni’s with control post hoc
analysis was performed to established significant differ-
ences. Condition with only FBM was used as control on
statistical test. A p < 0.05 was assumed as statistical sig-
nificance.
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3. Results

In all the cases C; was used to reconstruct the high
frequency signals, while Cy and C3 were added in some
cases.

Descriptive analysis showed that condition having both
movements, rejected the normality assumption, so it was
discarded from the Bonferroni’s test. Mean power of
high frequency FHRY, for the other three conditions were:
13.22 4 7.90 ms? for episodes having only FBM; 7.72
=+ 5.25 for periods only with FCM, and 7.59 £ 5.24 for
the quiet group (see figure 3). These results show higher
values for episodes with FBM vs. those without move-
ments and vs. those with FCM (P < 0.05). Figure 4
presents an example of the power behavior related to the
four mentioned conditions. As it can be seen, the mean
power of the high frequency FHR increases when the fetus
presents FBM (condition 2 on the figure, and it decreases
on quiet sate (condition 1 on the figure). Power graphic on
figure 4 also shows that there is an increase on the mean
power associated neither to FBM nor to FCM but to accel-
eration/deceleration presence (see figure 2 and figure 4).
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Figure 3. All patients mean power bars for the conditions
compared. *, means significant differences in comparison
with FBM condition.

4. Discussion

The behavior of the high frequency FHR power was an-
alyzed using the EMD method. The analysis was made
on 10 fetuses at term for four different fetal activity condi-
tions and by using five seconds window analysis in order
to follow de consecutive changes on the power due to fetal
activity. Our main findings were: when fetus presents only
FBM the mean power raise respect the basal state (with-
out movements); and respect FCM condition. This allows
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Figure 4. a) Power using 5 sec continuous window. b)
Classification of power signal, lines indicate the end of
each condition and numbers from 1 to 4 meaning: both
movements, only Fetal Respiratory Movements (FRM),
only Fetal Body Movements (FBM) and none of them, re-
spectively. c) FRM marker. d) FBM marker.

establishing that an increment on the mean power of high
frequency FHR is associated to FBM activity and it could
be a useful method to analyze RSA as it was established
before [3, 4, 12,7, 5].

We also observed that mean power of high frequency
FHR time series could increase during abrupt and large ac-
celerations or decelerations periods, even when there were
not FBM or FCM, so it could be useful to eliminate this
type of segments before the analysis. We expected that
presence of FCM would reduce short term variability be-
cause of the fetal reactivity, but our results show no dif-
ferences among FCM and quiet fetal state. These results
can be explained by considering that the delay time after
the ending of FCM for classifying the fetal activity condi-
tion could change depending on the type and magnitude of
the corporal movement. So it could be recommendable to
consider only large corporal movements instead of all of
them during the generation of the FCM indications by the
observer, since they do produce accelerations.

5. Conclusions

For spotting differences between FBM and quiet condi-
tions, EMD seems to be a useful tool to analyze the effect
of the FBM on non-stationary FHR time series. The EMD
method allows an extraction of intrinsic high frequency in-
formation from non stationary FHR time series, in contrast
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with the traditional spectral analysis which reliability de-
pends on the stationarity of the signal.
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