Med Biol Eng Comput (2006) 44: 117-123
DOI 10.1007/s11517-005-0011-3

ORIGINAL ARTICLE

William L. Maner + Lynette B. MacKay
George R. Saade - Robert E. Garfield

Characterization of abdominally acquired uterine electrical signals
in humans, using a non-linear analytic method

Received: 14 September 2005/ Accepted: 14 November 2005 / Published online: 26 January 2006
© International Federation for Medical and Biological Engineering 2006

Abstract The present work seeks to determine if a par-
ticular non-linear analytic method is effective at quan-
tifying uterine electromyography (EMG) data for
estimating the onset of labor. Twenty-seven patients
were included, and their uterine EMG was recorded
non-invasively for 30 min. The patients were grouped
into two sets: Gl: labor, N=14; G2: antepartum,
N=13. G1 patients all delivered spontaneously within
24 h of recording while G2 patients did not. The uterine
electrical signals were analyzed offline by first isolating
the uterine-specific frequency range and then randomly
selecting “‘bursts” of uterine electrical activity (each
associated with a uterine contraction) from every
recording. Wavelet transform was subsequently applied
to each of the bursts’ traces, and then the fractal
dimension (FD) of the resulting transformed EMG
burst-trace was calculated (Benoit 1.3, Trusoft). Average
burst FD was found for each patient. FD means for G1
and G2 were calculated and compared using ¢ test. FD
was significantly higher (P <0.05) for G1: 1.27+0.03
versus G2: 1.25+0.02. The wavelet-decomposition-gen-
erated fractal dimension can be used to successfully
discern between patients who will deliver spontaneously
within 24 h and those who will not, and can be useful for
the objective classification of antepartum versus labor
patients.
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1 Introduction

One of the most important health problems in obstetrics
today is pre-term birth and its associated complications,
which contribute to handicaps and are the cause of
about 85% of all perinatal deaths [29]. Pre-term neo-
nates, with birth-weights less than 2,500 g, represent
about 10% of the total number of babies born each year.
The complications of pre-term birth include significant
neurological, mental, behavioral and pulmonary prob-
lems in later life. Among the pre-term survivors, the rate
of neurological impairment varies from 10 to 20% and
growth restriction occurs in approximately 20% of the
surviving infants. The development of effective methods
to prevent or reduce the incidence of pre-term birth
depends upon the understanding of the mechanisms that
initiate labor.

Perhaps the most difficult and important task facing
medical practitioners in maternity care today is the
diagnosis of labor. Knowing that true labor (which will
lead to delivery) has begun, as well as predicting when it
will start, is important for both normal and aberrant
pregnancies. Prediction of labor in normal pregnancies
is important for minimizing unnecessary hospitaliza-
tions, interventions and expenses. On the other hand,
accurate prediction and diagnosis of spontaneous pre-
term labor will also allow clinicians to start any neces-
sary treatment early in women with true labor and avert
unnecessary treatment and hospitalization in women
who are simply having pre-term contractions, but who
are not in true labor. Even noticeable dynamic cervical
change may not be an accurate indicator of true labor,
as a large percentage of women with established cervical
change do not deliver pre-term when not treated with
tocolytics [15]. To date, the only effective method for
preventing pre-term labor has been constant contact and
care from health care practitioners [11], a very inefficient
and expensive process.

Many studies, including our own, have demonstrated
that myometrial (uterine) cells are coupled together
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electrically by gap junctions composed of proteins [6].
The grouping of proteins provides channels of low
electrical resistance between cells that facilitate pathways
for the efficient conduction of action potentials.
Throughout most of pregnancy, and in all species
studied, these cell-to-cell channels or contacts are few,
indicating poor coupling and decreased electrical con-
ductance. This condition favors quiescence of the my-
ometrium and the maintenance of pregnancy. At term,
however, in order to properly expel the developed fetus,
the cell junctions increase and form an electrical syncy-
tium required for effective contractions [6]. As action
potentials propagate over the surface of a myometrial
cell, the depolarization causes voltage-dependent Ca””*
channels to open. When this occurs, Ca’>" enters the
muscle cell, traveling down its electro-chemical gradient
to activate the myofilaments and provokes a contraction
[28] by increasing the size and/or number of actual
portals for Ca®" entry.

Previous studies established that this myometrial
electrical activity governs myometrial mechanical con-
tractions [14, 20]. Extensive studies have been done in
the last 60 years to monitor uterine contractility using
the electrical activity measured from electrodes placed
on the uterus [4, 5, 30]. These studies also revealed that
the most significant human uterine electrical activity
resides somewhere in the DC—3.00 Hz. frequency range.
Some studies have now indicated that uterine electro-
myography (EMGQG) activity can be monitored accurately
and non-invasively from the abdominal surface [3, 7, §].
In a most recent study, we also quantified human uterine
EMG signals over a narrow band of frequencies (uter-
ine-specific, 0.34-1.00 Hz) using power spectrum anal-
ysis, a method generally most applicable to linear
phenomena [17]. The technique has proved useful for the
classification of pregnant patients. However, it may be
that non-linear methods are even more suitable for
uterine electrical data [21].

Fractal analysis is one such non-linear analytic can-
didate. A fractal is an object composed of subunits (and
sub-subunits) that resemble the larger-scale structure, a
property known as self-similarity [10]. Fractal processes
generate irregular fluctuations on multiple time scales,
analogous to fractal objects that have “wrinkly” struc-
ture on different length scales. The roughness of these
time series, therefore, possesses a self-similar (scale-
invariant) property. Since scale-invariance appears to be
a general mechanism underlying many physiological
structures and functions, one can adapt new quantitative
tools derived from fractal mathematics for measuring
their variability.

Complex fluctuations with the statistical properties of
fractals have been described for heart rate variability
[13], fluctuations in respiration, [27] systemic blood
pressure [19], white blood cell counts [9] and certain ion
channel kinetics [2]. If uterine electrical traces (recorded
during contractions) possess fractal properties, then they
also could be characterized by this method. The present
work seeks to determine if this particular non-linear

analytic technique is effective at quantifying uterine
EMG data for discerning between labor and non-labor
patients.

2 Materials and methods

In this proof-of-concept study, 27 pregnant patients,
with known gestational ages ranging from 25-39+
weeks, were retrospectively included, after having
been admitted to the labor and delivery area of the
University of Texas Medical Branch in the Department
of Obstetrics and Gynecology and upon signing an IRB-
approved informed consent to participate. Patient ages
ranged from 17 to 35 years old. Along with standard
tocodynamometer contraction data acquisition, their
uterine EMG was simultaneously recorded non-inva-
sively for 30 min, using bipolar sets of abdominal sur-
face electrodes, and by sampling at 100 Hz, with analog
band-pass filtering from 0.05 to 4.00 Hz (Fig. 1). Pa-
tients were required to lay supine or on their side, and to
remain still during recordings in order to reduce move-
ment artifact. There is always some degree of overlap in
electrical frequencies from various signal sources in the
body, or from external movements. However, we iso-
lated what we have determined to be a uterine-specific
range (again, 0.34-1.00 Hz for humans) using digital
filtering, in order to remove unwanted respiratory
influences (generally <0.34 Hz for the patients studied)
and cardiac influences (generally >1.00 Hz for the pa-
tients studied), as well as most remaining movement
artifact [17]. The recordings were then saved and
grouped into two sets: G1: labor, with N=14; G2: an-
tepartum (i.e., non-labor), with N=13.

G1 and G2 patients were distinguished by a clinical
determination, which considered the number of con-
tractions per unit time, the strength of uterine contrac-

Fig. 1 Typical setup for non-invasive trans-abdominal acquisition
of uterine electrical signals from the abdominal surface, consisting
of electrodes, lead wires, amplifiers and filters, as well as a
computer for storage, display and analysis



tions observed, and the extent of cervical dilation. Pa-
tients were excluded for whom a clear clinical determi-
nation of labor could not be made. Patients exhibiting
distress or abnormal pregnancy were excluded. All Gl
patients ultimately term-delivered (i.e., delivered at
37+ weeks gestation) spontaneously within 24 h of
EMG recording, while G2 patients term-delivered
spontaneously more than 24 h from EMG measure-
ment. The patients were retrospectively grouped in this
way in order to improve the likelihood that the uterine
EMG signals would have different fractal properties
between G1 and G2. Thirty-three such term patients
were recruited over a 20-month period of time. How-
ever, six of these patients were excluded due to having
cesarean section rather than undergoing spontaneous
vaginal delivery.

The uterine electrical signals acquired were analyzed
offline by first randomly selecting “‘bursts” of uterine
electrical activity (each burst was a period of elevated
electrical activity, and each was associated with a uterine
contraction) from every recording. Wavelet transform
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Fig. 2 a Contraction events, as
measured mechanically by
tocodynamometer (bottom
trace), and as recorded
simultaneously by non-invasive
trans-abdominal uterine EMG
(top trace—unfiltered signal).
The electrical activity is actually
responsible for uterine muscle
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was subsequently applied (Benoit 1.3, Trusoft) to each
of the individual bursts’ traces, thereby decomposing the
uterine burst signal into the first three wavelet “‘scales”
(the particular wavelet used was a step-function). The
wavelet method of signal decomposition is seemingly
ideal for uterine EMG data, which may involve non-
stationary traces, i.e., the variance of the trace does not
remain constant with increasing length of the data set.
The wavelet method of determining fractal dimension
is based on the property that the wavelet transform of a
self-affine trace also has self-affine properties. One
measure of the fractality of a trace is the fractal
dimension (FD), decreasing from two to one, which
represents from “‘more-"" to “less-wavy” lines drawn in
two dimensions. Such concepts can be applied directly to
uterine electrical activity traces, specifically those
occurring during electrical bursts associated with uterine
contractions, for labor versus non-labor patients.
Consider n wavelet transforms each with a different
scaling coefficient a;, where S;, S>,...,S, are the standard
deviations from zero of the respective scaling coefficients «;.
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contractions. Therefore,
analysis of the uterine electrical
signals should give a more
precise measure of the uterine
state, and the evolution of the
parturition, than measurement
with tocodynamometer, which
can only measure, crudely, the
force of the contraction and

TOCO (no units)

number of contractions/unit-
time. b This time the EMG data
(top trace) was properly filtered
in the uterine-specific range
(0.34-1.00 Hz) in order to show
the bursts of uterine activity.
Note the exceptional
correspondence between the
EMG measurement and the
tocodynamometer readings for
contractions when the EMG
signal is properly filtered

EMG (MV) o

S G G QG G S ) S R S g
L2 T T S S S S S

Time (Minutes)

TOCO (nho units)

Time (Minutes)



120

Define the ratio of the standard deviations Gy,
Gs,...,G,_1 as:
S S
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Estimate the average value of G; as:

-

The Hurst exponent (H) is H=f(G,yy), Where fis a
heuristic function that approximates the Hurst exponent
by G,y for stochastic self-affine traces. Benoit fractal
analysis software (Trusoft) sets n=4 and a;=2; for i=0,
1, 2, 3. By definition, the fractal dimension FD=2—H.

Statistics An average FD was found for the electrical
bursts of each given patient. The FD group means for
both G1 and G2 were found and compared using Stu-
dent’s ¢ test. Also, average FD was compared to both
gestational age and measurement-to-delivery (MTD)
time interval for each patient in order to search for
correlation using Pearson product moment. Receiver—
operator characteristic (ROC) curves were generated. In
all statistical tests, P <0.05 was considered significant.

3 Results

Bursts of uterine electrical activity corresponded to
contractions as measured by tocodynamometer (Fig. 2a,
b), but this can be clearly seen only when the uterine
EMG signals are properly filtered to remove noise. The
average gestational age of G1 was significantly higher
than that of G2 (P <0.05; mean+SD=39.24£1.23 vs.
32.58 £3.91 weeks, respectively; Fig. 3). The average
uterine EMG MTD interval was significantly lower for
Gl as compared to G2 (P<0.05, mean+SD=
0.20£0.16 vs. 30.77+21.51 days, respectively; Fig. 4).
Average FD was significantly higher for G; compared to
G, (P<0.05; mean+SD=1.27+0.03 vs. 1.25+0.02,
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Fig. 3 The average gestational age of G1 was significantly higher
than that of G2 (P<0.05, mean+SD=39.24+1.23 vs.
32.58 £3.91 weeks, respectively), as could be expected for labor
versus antepartum patients delivering spontaneously at term
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Fig. 4 The average uterine EMG MTD interval was significantly
lower for Gl as compared to G2 (P<0.05; mean=-
SD=0.20+0.16 days vs. 30.77+21.51 days, respectively), as
would be expected for labor vs. antepartum patients delivering
spontaneously at term

respectively; Fig. 5). A highly significant negative cor-
relation for gestational age and MTD interval
(P<0.001; R=-0.768) was found. However, FD dem-
onstrated a significant negative correlation with the
MTD interval (P <0.05; R=—-0.457; Fig. 6a, b), but had
no significant correlation of any kind with gestational
age (P>0.05; R=0.165). ROC analysis, using a golden
standard, or endpoint, of 24 h (Fig. 7) was used to find a
measure of the predictive quality of the data. From this,
we also calculated sensitivity (sens), specificity (spec),
positive predictive value (PPV), and negative predictive
value (NPV) for various cutoffs of FD (Table 1).

4 Discussion

The significant difference between FD for labor patients
versus antepartum patients indicates that the wavelet-
decomposition-generated fractal dimension method is
capable of discerning between those patients who will
soon deliver and those who will not. The higher FD
value of the labor patients indicates a more highly active
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Fig. 5 The average wavelet-decomposed fractal dimension for
uterine electrical bursts measured from labor patients is signifi-
cantly  higher than that for antepartum  patients
(mean(SD=1.27+0.03 vs. 1.25+0.02, P<0.05)
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Fig. 6 a A significant negative correlation between FD and MTD
(P<0.05; R=-0.457) was seen. As delivery becomes imminent, the
fractal dimension of the associated uterine electrical activity
increases. Note that the 14 labor patients’ data are represented
by triangles, while the 13 antepartum patients’ data-points are
marked by circles. b Since the 14 labor-patients all delivered within
24 h, it is necessary to expand the y-axis in order to visually discern
their individual FD versus MTD plots

electrical signal, corresponding to the increased electrical
activity and frequencies associated with a well-developed
uterus that is electrochemically prepared for intense la-
bor contractions to expel the developed fetus. The neg-
ative correlation between FD and MTD is expected,
since the shift to greater uterine electrical activity should
occur as the patient gets closer to actual delivery at term.
The lack of any significant correlation between FD and
gestational age is perhaps a little surprising, especially
considering the strong relation between gestational age
and MTD; however, this simply verifies that increased
electrical activity, hence transition to labor, and ulti-
mately to delivery, are not necessarily dependent upon
the patient’s gestation, and this has been known for
some time.

As stated previously, in recent studies we successfully
quantified uterine EMG signals using power spectrum
analysis, a method generally considered most applicable
to linear phenomena [17]. But many biological electrical
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Fig. 7 Receiver—operator characteristics (ROC) curve for the 24-h
endpoint, showing: area under the curve (Area), Z-value, standard
error (St. Err.) and the one-tailed P value. The results suggest that
FD may be a good predictor. However, future studies should
incorporate more patients to increase the accuracy of the ROC
analysis, especially if a head-to-head comparison between FD and
other analytic methods is to be properly conducted

processes are thought to be non-linear in origin [2, 21] to
either a greater or lesser degree. The prior success of the
power-spectrum approach to quantifying uterine elec-
trical activity could possibly be attributed to the fact
that only a narrow band of frequencies (the uterine-
specific range) was examined, which may have approx-
imated conditions for linearity in the surface electrical
signals examined, or it may be that the specific frequency
range of uterine electrical activity is governed primarily
by linear processes. In any case, it should probably be
emphasized that the power-spectrum technique has not
only proven itself useful for our own work in classifi-
cation of pregnant human patients based on uterine
electrical frequency changes; it has also been used
effectively for years to observe spectral characteristics
and changes in various other biological (non-linear?)
processes and species [18, 24-26, 31]. The general rule is
that when distinct power peaks in the spectral repre-
sentation are observed, even in the midst of apparent
broadband “‘noise’” at other frequencies, power-spec-

Table 1 Values of sensitivity (sens), specificity (spec), positive
predictive value (PPV) and negative predictive value (NPV) for
various cutoffs of fractal dimension (FD)

FD cut Sens Spec PPV NPV
1.220 1.000 0.231 0.583 1.000
1.23 0.929 0.231 0.585 0.750
1.24 0.857 0.385 0.600 0.714
1.25 0.571 0.615 0.615 0.571
1.26 0.500 0.846 0.778 0.611
1.27 0.429 0.846 0.750 0.579
1.28 0.357 0.923 0.833 0.571
1.29 0.286 1.000 1.000 0.565
1.31 0.071 1.000 1.000 0.500
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trum classification of the phenomenon is usually
appropriate [1]. This has been the case with the uterine
electrical data observed so far [17]. However, it could be
that a number of non-linear methods are indeed suitable
for uterine electrical data. Based on the results of the
present work, fractal analysis apparently is one such
promising analytic method; evidently there are at least
some non-linear components in the trans-abdominally
acquired uterine electrical signals studied that can be
characterized with wavelet/fractal methods.

Even long ago, it was recognized that linear modeling
of the abdominal-surface electrical signals, generated
from the uterus and acquired by finite-size electrodes,
was probably best at only a good approximation of the
actual process [22], although some have defended the
use of linear models of the surface EMG, at least for
non-uterine muscle [23]. For most muscles, the issue
is complicated even further by the possibility of non-
stationarity of the signals even during a single contrac-
tion, owing to the fact that such contractions are
generally only approximately isokinetic [12, 16, 23]. It is
presumed that this is also the case for uterine contrac-
tions as well. However, since the number of muscle cells
involved in producing external electrical signals is very
large, some have contended that non-stationarity would
not greatly affect the power-spectral shape or frequency
content after all, but only its relative size, and this would
be especially true if using short-time Fourier transform
(STFT) for quantification [12, 16, 23]. Though most of
those studies considered formulations based on striated
and innervated muscle, it may be that their fundamental
principles largely apply for uterine smooth muscle as
well.

The present 27-patient study was essentially a proof-
of-concept investigation. The patients who were in-
cluded were either already clearly in labor or they were
clearly non-labor. Now that this initial work is com-
pleted, it remains to be seen whether or not non-linear
analytic methods are superior to the power spectrum
approach for quantification of uterine electrical data,
and ultimately, to the classification of pregnant patients
or prediction of labor and delivery. Future work, using a
greater number of patients (as in our previous investi-
gations of the power-spectrum [17]), and using “‘rule-
out” patients (for which a clinical determination of labor
vs. non-labor is not so certain), might also involve uti-
lizing Lyapunov exponents for the uterine electrical
burst analysis, for example. A head-to-head comparison
of the predictive capability of the non-linear method
against spectral or other parameters by the way of ROC
curves applied to the same patient data set for analysis
could then be performed. Only in this way could one
confidently demonstrate that one method is superior to
another. To do otherwise may invite premature and
erroneous conclusions about how the different methods
“stack-up” against each other.

It is possible, however, that it will be found in the end
that the application of the tandem of linear and non-
linear analytic techniques ultimately ends up producing

the most complete and useful description about the state
of the uterus. With such work, the non-invasive uterine
EMG-monitoring method could allow for highly accu-
rate forecasting of labor and delivery in pregnant wo-
men, and thus would enable clinicians the capability to
apply much better treatment for, and exercise superior
management of, pregnant patients than with any cur-
rently available tools [7, §].
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