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On the propagation analysis of electrohysterographic signals

Chiara Rabotti, Massimo Mischi, Judith van Laar, Guid Oei, and Jan Bergmans, Senior Member IEEE

Abstract— Premature birth is a leading cause of fetal mortal-
ity and long-term morbidity. The effective treatment of preterm
uterine contractions requires new methods for predicting de-
livery. The electrohysterographic (EHG) signal is a measure
of the bioelectrical process underlying the uterine contraction.
The analysis of parameters derived from the EHG signal can
therefore provide fundamental information for the prognosis of
labor. In this paper, we focus on the propagation of the EHG
signal recorded during delivery by multiple electrodes. For the
inter-electrode delay assessment and propagation analysis, two
different methods are implemented. One is based on the prior
estimation of the uterine mechanical activity by EHG signal
processing. The delay is then calculated by the cross-correlation
function between the mechanical activity estimated at each
sensor. The other method is a high temporal resolution adaptive
delay estimator that operates directly on EHG signals. The
previously demonstrated accuracy of the mechanical estimates
and the agreement between the delays provided by the methods
confirm the tight relationship between the mechanical and
electrical activity of the uterus. However, our results suggest
that a higher temporal resolution delay estimator is preferred.

I. INTRODUCTION

Preterm birth, which is defined as a birth occurring before

37 completed weeks of gestation, is the potential cause

of severe complications [1][2]. The first sign of preterm

labor is symptomatic preterm uterine activity in the form of

uterine contractions. For suppressing preterm uterine activity,

gynecologists resort to tocolytic agents. However, an early

therapy is determinant for its effectiveness [2]. Therefore,

timely recognition of the process leading to active labor

is of prime importance. Nevertheless, there is no technique

for objectively monitoring the uterus and assessing whether

the organ has entered a state of increased activity and

responsiveness that may influence the treatment [2].

The devices and methods currently in use, in fact, do

not provide accurate prognosis of preterm labor. Intrauterine

pressure catheters are limited by their invasiveness and the

need for ruptured membranes. External uterine monitors,

such as tocodynamometers, are uncomfortable, and often

provide noisy signal of difficult interpretation [2]. Biological

tests, such as fetal fibronectin, provide better prognostic ca-

pability, but a convincing statistical validation is lacking [2].
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Even cervical changes may not be an accurate indicator of

true labor, as a large percentage of women with established

cervical change do not deliver preterm even when not treated

with tocolytics [1].

The electrohysterogram (EHG) is the signal associated to

the electrical activity propagating through the myometrium

cells during a contraction. In particular, the EHG signal is the

primary cause of the mechanical uterine activity; therefore,

it is potentially the best predictor of delivery.

In the literature, several studies investigated the use of the

EHG signal for predicting labor and distinguishing preterm

contraction ultimately leading to preterm delivery. Overall,

many parameters derived from the EHG signal have been

considered, in both time [3] and frequency domain [4][5].

The shift of the EHG burst frequency components from low

frequencies, during pregnancy, to higher frequencies, during

labor, seems the most significant and earliest observable

variation, experienced in both term and pre-term delivery [5].

Nevertheless, cut-off values of frequency for an accurate

prognosis of labor are not yet available. Further investiga-

tions need to address the prognostic value of other EHG

parameters that may be representative of the uterine func-

tionality.

The spreading of electrical activity in the myometrium

is the first trigger of a coordinated and effective contrac-

tion; a multi-channel analysis of direction and speed of the

propagating EHG signal can then provide a fundamental

contribution for predicting delivery. To this end, the first step

is the calculation of the relative time-lags among the burst

recordings at different sensor locations.

Previously, we proposed a method for inter-electrode delay

assessment based on the prior estimation of the internal uter-

ine pressure (IUP) from multichannel EHG recordings [6].

The delays were calculated by finding the maximum value

of the cross-correlation function (CCF) among the IUP

estimates in the different channels. In general, the accuracy

of the delays obtained by CCF maximization may be ham-

pered by poor inter-channel correlation. Noteworthy, the high

correlation among the IUP estimates in the different channels

ensures more robustness with respect to poorly correlated

EHG signals.

In this paper, we compare the method based on the IUP

estimates with a high time-resolution adaptive delay esti-

mator operating on EHG signals rather than IUP estimates.

The methods are evaluated on real signals recorded by 8

electrodes on one woman. The recording covers the last 5

hours of delivery and includes 110 contractions.
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Fig. 1. Algorithm scheme of the adaptive delay estimator. The recorded unipolar EHG signals, (e1, . . . ,e8) are preprocessed to improve the SNR: after
MECG removal and low pass (LP) anti-aliasing filtering, the sampling frequency (Fs) is reduced to 4 Hz by a down-sampler (DS) and the signals are
band-pass (BP) filtered. The higher cut-off frequency of the BP filter is automatically set depending on the mother’s HR. To single-out the reference
electrode signal xr for the adaptive delay estimator, the second block comprises the detection of contractions and calculation of the signal-to-noise ratio
(SNR). The delay τ is then adaptively identified for each electrode signal x j in the frequency domain.

II. METHODOLOGY

The propagation analysis of the EHG signal was per-

formed using the method in [6] and an adaptive delay

estimator, implemented in the frequency domain to obtain

a higher temporal resolution. The method in [6] comprises

the prior estimation of the IUP from the EHG signal in

each electrode. The inter-electrode delay is then assessed by

locating the maximum of the CCF between the IUP estimated

at each electrode j and the IUP estimate at the electrode r,

i.e., the sensor with the best SNR. The method for the high

resolution delay assessment is schematically represented in

Fig.1 and more accurately described in the following. The

preprocessing and the calculation of the reference electrode

differ for the two methods only for the frequency of the

down-sampler (DS), which is 10 Hz for the IUP-estimate-

based method and 4 Hz for adaptive delay estimator.

A. Data acquisition

The experimental data were collected at the Máxima

Medical Center in Veldhoven (the Netherlands). After ac-

curate skin preparation for skin impedance reduction, eight

disposable contact Ag-AgCl electrodes were placed on the

abdomen (10-15 cm inter-electrode distance) as reported

in [6]. The common reference for the recording electrodes

was placed on the right hip. In order to obtain an efficient

rejection of the electromagnetic interference, we employed

a driven-right-leg ground electrode and actively shielded

cables. The IUP was simultaneously measured by a Koala

M1333A (Philips Medical Systems, Best, the Netherlands)

intrauterine pressure catheter inserted in the uterine cavity

due to medical prescription. The EHG signals were recorded

at 1000 Hz and digitized at 20-bit resolution by an M-PAQ

amplifier (Maastricht Instruments Ltd., the Netherlands), a

system for physiological measurement. We analyzed the

signal recorded on one woman until the end of delivery.

In total, we analyzed approximately 5 hours of recording

containing 110 uterine contractions.

B. Pre-processing

The uterine EHG signal can be affected by several noise

sources, e. g., ECG signals, electromyographic (EMG) in-

terference generated by the abdominal skeletal muscles, and

several motion artifacts. Part of this noise can be reduced by

employing bipolar recording. Unfortunately, for the analysis

of action potential propagation in the myometrium, unipolar

measurements are preferred. An accurate pre-processing of

the signals for suppressing the main interferences was there-

fore necessary.

One of the main interferences in unipolar EHG recordings

is the MECG. Therefore, the method described in [7] was

adopted for the MECG removal. The baseline oscillations

due to slow electrical waves, such as respiration, were

then removed by a four-order Butterworth filter with cut-off

frequency set at 0.34 Hz [4].

Unfortunately, some oscillations occurring at the maternal

heart-rate (HR), which are not present when bipolar config-

urations are used, are still visible in the unipolar EHG signal

after MECG removal. A low-pass filter was then employed

with cut-off frequency automatically chosen on the basis of

the calculated mother’s HR. In particular, the stop band of

the filter was set at the minimum value of the instantaneous

maternal HR. In order to obtain a steep transitional band,

we used a Chebyshev Type II filter with the minimum order

required to meet the following specification: 0.4 Hz transition

bandwidth, 3 dB maximum pass-band ripple, and 60 dB stop-

band attenuation. The signal was then confined in a narrow

band that is upper bounded by the minimum value of HR,

which is lower than 2 Hz. The sampling rate could therefore

be decreased up to 4 Hz. As a decrease of the sampling

frequency reduces significantly the computational time, a

down-sampler (DS) was employed, after the MECG removal

and after low-pass anti-aliasing filtering.

The electrical signal associated to voluntary contraction of

the abdominal muscle has a dominant frequency component

of about 30 Hz [3]. After low-pass filtering, the noise due to

EMG activity is therefore negligible.

C. Adaptive delay estimator

The uterine contractions were detected and separated to

single-out the signal xr with the best SNR. We defined the

SNR as the ratio between the power of the signal during a

contraction and the power during the quiescent period [8].

The signal of the electrode r was then used as the reference

for the delay calculation. For each contraction segment

and electrode signal x j, the delay τ was then adaptively

estimated. By implementing the estimator in the frequency

domain a delay τ with unlimited temporal resolution can be

obtained.
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When the Fourier transform is applied to time-translations

of the same signal the phase difference of the two Fourier

transformed signals is, in fact, a linear function of the

frequency. The continuous time delay, τ , between the signals

corresponds to the slope of the straight line representing the

signal phase difference as a function of frequency.

The adaptive delay estimator was then based on a Simplex

Search method [9] implemented in the frequency domain

using the discrete Fourier transform (DFT) matrix F.

III. RESULTS

The Bland-Altman plot [10] of the delay estimates pro-

vided by the analyzed methods is reported in Fig. 2, where

τIUP is the delay obtained by the IUP estimates, and τ that

obtained by the adaptive delay estimator. From the plot the

agreement between the values of delay calculated by the

two methods can be easily assessed. The average absolute

difference between the delays, was 0.32 seconds, which is

larger than the maximum resolution of the delay calculated

by the CCF at 10 Hz. The standard deviation of the difference

was equal to 0.8 s.
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Fig. 2. Bland-Altman plot of the delay calculated by the two algorithms.

The relative detection delays of the electrodes during the

same contraction allowed an estimate of the direction of

propagation of the EHG signal. In particular, the area where

the EHG signal originates (pacemaker area) was located, for

each contraction, by assessing the pacemaker sensor, i.e., the

electrode providing the first detection of the burst.

In Fig. 3, the histogram of the pacemaker sensors is

reported based on the recorded 110 contractions. The white

columns represent the number of contraction for which the

sensor was the pacemaker as calculated by delay τ provided

by the adaptive delay estimator. The occurrences of each

electrode as pacemaker sensor calculated by prior estimate

of the IUP is represented by the sum of the gray and black

colored histograms. We represented in black the contractions

for which only one pacemaker sensor was found, while we

used grey color to represent those contractions where also

other electrodes were recognized as pacemaker sensors. The

results show that the method based on the prior estimation

of the IUP provided more than one pacemaker sensor for a

large number of contractions.

By summing the occurrences of the uppermost electrodes

(1,2, 3, and 8) as pacemaker sensors, calculated by the

adaptive delay estimator, we deduce that in the 60% of

the cases the contraction started in the upper part of the

myometrium, against the 40% of the other regions.
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Fig. 3. Histogram of the pacemaker sensor location.

Finally, by analyzing and comparing the delay detected

in each channel during a contraction, a study of the global

propagation of the EHG signal can be conducted. In Fig. 4(a)

and Fig. 4(b), an example of propagation analysis is shown.

By interpolating the values of the electrode delays, a spatial

grid representing the uterus surface is obtained, where the

intensity is proportional to the local delay with respect to the

pacemaker sensor. The propagation proceeds from the region

with lower intensity towards the regions characterized by a

higher intensity. The uterine activation map in Fig. 4(a) was

obtained by cross-correlation of the IUP estimates. The elec-

trical signal clearly propagates from the upper right region

towards the central-left part of the uterus. In this example,

electrodes 1 and 2 have the same detection delay and they

are both the pacemaker sensors. From the propagation map,

we can also deduce the propagation path on the rear of the

uterus. The uterine activation map in Fig. 4(b) was obtained,

for the same contraction in Fig. 4(a), by the adaptive delay

estimator. Due to the higher temporal resolution of this

method, a single pace-maker sensor is recognized and a more

accurate description of the propagation path can be obtained.

IV. CONCLUSIONS AND FUTURE WORKS

In this paper, two methods to calculate the detection delay

of EHG signals recorded in a multi-electrode configuration

are implemented and compared. These methods are based on

the CCF of the estimated IUP and on the adaptive EHG delay

estimation in the frequency domain, respectively. The prior

estimation of the IUP ensures robustness with respect to poor

initial inter-channel correlation, which may affect the accu-

racy of the adaptive delay estimate. However, this approach

has poor temporal resolution. In fact, the delay calculated
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(a) (b)

Fig. 4. Example of visual analysis of EHG signal propagation during a contraction obtained by a) cross-correlation on IUP estimates; b) adaptive delay
estimation. The values of the local delays are proportional to the color intensity of the propagation map.

by CCF maximization is limited by the employed sampling

rate. Nevertheless, a high sampling rate is not convenient

for EHG signals. The Bland-Altman plot demonstrated high

agreement between the two methods. However, the average

absolute difference between the estimates was higher than

the maximum resolution provided by the employed sampling

rate.

Despite the low propagation velocities reported in the

literature for EHG signals [11], we demonstrated that a high

temporal resolution of the calculated delays is essential for

the analysis of the direction of propagation, for localization

of the pacemaker area, and for possible calculation of the

velocity. In particular, the adaptive delay estimator, which

provides unlimited resolution at sampling frequencies as

low as 4 Hz, resulted in more selective localization of the

pacemaker area.

About 60% of the contractions were first detected by the

uppermost electrodes, suggesting a preferred top-down prop-

agation of the myometrial action potential. During labor, this

propagation pattern might be associated to the effectiveness

of the contractile activity. However, the percentage of the

contraction with a top-to-down propagation, as suggested

by the histogram of the pacemaker sensor, are lower than

expected in a recording covering the last hours of delivery.

Nevertheless, it is important to notice that action potentials

can originate and propagate also in the rear of the uterus,

which cannot be directly monitored, but contributes fun-

damentally to the mechanical efficiency of a contraction.

Therefore, the identification of the pacemaker sensor may

provide only partial information on the propagation pattern.

Visual tools for the clinical and statistical analysis of EHG

propagation, such as the uterine activation maps showed in

Fig. 4, can be provided based on the calculation of the inter-

electrode delay.

Future work will address the development of dedicated

signal processing techniques for accurate and high temporal

resolution inter-electrode delay estimation for EHG signals.

The final objective is supporting further clinical studies

and assess the value EHG signal propagation analysis for

predicting delivery.
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