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[57] ABSTRACT

A method and apparatus is presented for recording uterine
electrical activity from the surface of the abdomen or vagina
for the purpose of diagnosing contractile patterns of the
uterus in pregnant and nonpregnant patients. The present
invention provides data analysis techniques for analyzing
electromyographic data measured from the surface of a
patient to characterize uterine activity. The method and
apparatus described include algorithms for the systematic
analysis of electrical signals recorded from the abdominal
surface. Such processing comprises integration of signals,
frequency spectral analysis, 3-dimensional power density
mesh plots, vector analysis, fast wavelet transform, and joint
time-frequency characteristics. These techniques and appa-
ratus are appropriate for use in a clinic or through commu-
nication lines for use as aremote or home uterine monitoring
system. As such, uterine electrical activity may be measured
at a remote location and processed at a central facility
through on-line communications channels, such as a tele-
phone line. The techniques and apparatus disclosed are also
useful in predicting successful treatment for cases where
either the uterus fails to develop forceful contractions at
term or begins to contract pre-term.
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1
METHOD AND APPARATUS FOR
ANALYZING UTERINE ELECTRICAL
ACTIVITY FROM SURFACE
MEASUREMENTS FOR OBSTETRICAL
DIAGNOSIS

This is a continuation-in-part application of Ser. No.
08/246,214, filed May 19, 1994, which is now U.S. Pat. No.
5,546.953.

BACKGROUND OF THE INVENTION

This invention relates to a method and apparatus for
recording uterine or vaginal electrical activity. More
specifically, the invention relates to a method and apparatus
useful for determining the contractility of the uterus by
recording spontaneous, mechanically or electrically
stimulated, or drug-evoked electrical activity of the myo-
metrium of the uterus from the abdominal or vaginal surface.
The invention further relates to the analysis of surface
electromyographic data corresponding to uterine electrical
activity for obstetrical diagnosis.

Presently there is no objective manner with which to
evaluate the contractility of the uterus. This is true either in
nonpregnant patients where hypercontractility is associated
with dysmenorrhea or in pregnant patients where the uterus
is sometimes active prior to term. Normally the uterus is
quiescent in nonpregnant women and during most of preg-
nancy. However, at the end of pregnancy the myometrium
undergoes a series of changes that lead to synchronous,
thythmic uterine contractions (labor). The diagnosis of labor
is the most significant problem faced by obstetricians. In
addition, preterm labor, which occurs in about 10% of
pregnant patients, is difficult to diagnose. Frequently term or
preterm labor require adjuvant therapy to either stimulate or
inhibit contractility of the uterus.

Since there is some minor spontaneous uterine activity at
all times during pregnancy, it is often not possible to
distinguish between this physiological activity and term or
preterm labor. The state of the cervix is commonly used as
a predictor of labor. However, the softening of the cervix
occurs relatively late in labor. In addition, labor and changes
in the cervix can occur independently. Alternatively the
frequency of contractions is used to diagnosis labor, some-
times recorded with a tocodynamometer. However, these
methods give only crude subjective estimates of uterine
contractility.

The uterus does not contract vigorously throughout most
of pregnancy and this provides a tranquil environment for
the growing fetus. At term the uterus normally begins to
contract forcefully in a phasic manner (labor) to expel the
fetus. Contractions of the uterus are directly proportional to
the underlying electrical activity of the muscle. The
frequency, duration and magnitude of a uterine contraction
are directly proportional respectively to frequency of bursts
of action potentials, the duration of a burst of action
potentials, and the propagation (also referred to as
conduction) of action potentials over the uterus and the
recruitment of muscle cells. A similar situation exists in
heart muscle although heart and uterine muscle are different
with respect to structure and configuration of the action
potentials. The action potentials are accompanied by the
influx of calcium into the muscle cells to activate the
contractile apparatus.

Thus, by recording uterine electrical activity one can
assess the contractility of the myometrium. Similar technol-
ogy is used to record cardiac electrical activity to determine
the normal or abnormal function of the heart.
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Many studies have previously recorded uterine myome-
trial electrical activity using electromyography (EMG)
where electrodes are placed directly on the uterus. These
studies show that the myometrium generates little electrical
activity prior to labor but activity increases wremendously
during labor reflecting the mechanical events. Studies of
interest are demonstrated in publications by Csapo, Chapter
43, “Force of Labor,” Principles and Practice of Obstetrics
and Perinatology, Ed. L. Iffy and H. A. Kaminetzky
Publishing, John Wiley and Sons 761-799, 1981; Garfield et
al., “Control of Myometrial Contractility: Role and Regu-
lation of Gap Junctions,” Oxford Rev. Reprod. Biol.
10:436-490; 1988; Wolfs and Van Leeuwen. “Electromyo-
graphy observations on the human uterus during labor,” Acta
Obstet. Gynecol. Scand. [Suppl.] 90:1-62, 1979; and more
recently by Devedeux et al., “Uterine Electromyography: A
Critical Review,” Am J. Obstet. Gynecol, 169:1636-1653,
1993. One may measure and use uterine EMG activity by
direct contact with the uterus to predict normal and abnor-
mal uterine contractions. However, it is not practical to place
electrodes directly on the uterus. To do this under the present
level of understanding one must surgically implant elec-
trodes on the uterine surface or introduce a catheter elec-
trode through the vaginal canal and puncture the fetal
membranes.

It would be desirable to record uterine EMG activity from
the abdominal or vaginal surface. However, previous studies
of electrical activity of the uterus recorded with electrodes
placed on the abdominal surface have failed to record bursts
of action potentials from the uterus and generally show no
association of uterine electrical activity with contractility.
Studies of interest are included in the above-noted publica-
tions by Wolfs and Van Leeuwen, and by Devedeux et al.
Wolfs and Van Leeuwen summarized all studies prior to
1979 and concluded that “it has never been clearly shown
that the potential fiuctuations obtained by means of elec-
trodes attached to the abdominal wall, do indeed represent
the electrical activity of the uterus.” (Page 7.) Similarly,
Devedeux et al state that abdominal monitoring of uterine
electrical activity “requires further investigation.” (Page
1649.)

Part of the difficulty in interpretation of electrical activity
recorded from the uterus lies in the fact many investigators,
including Wolfs and Van Leeuwen and Devedeux et al. have
failed to recognize that action potentials drive the uterus to
contract. Action potentials are not responsible for contrac-
tion of some smooth muscle tissues such as airway muscle
and some vascular muscles and therefore many researchers
confound the uterus with other smooth muscle tissues. Thus,
many of these studies have attempted to correlate electrical
activity with mechanical contractions in order to show that
electrical activity is responsible for contractions. However,
no study has measured uterine and surface EMG simulta-
neously and correlated these to contractions. Furthermore, it
is now clear (from publications by Marshatl, “Regulation of
Activity in Uterine Smooth Muscle,” Physiol. Rev.
42:213-227, 1962; Csapo, Chapter 43, “Force of Labor,”
Principles and Practice of Obstetrics and Perinatology, Ed.
by L. Iffy and H. A. Kaminetsky, John Wiley & Sons,
761799, 1981; Garfield et al., “Control of Myometrial
Contractility: Role and Regulation of Gap Junctions,”
Oxford Rev. Reprod. Biol, 10:436-490, 1988; Garfield,
Chapter 3. “Role of cell-to-cell Coupling in Control of
Myometrial Contractility and Labor.,” Control of Uterine
Contractility, Ed. R. E. Garfield and T. Tabb, CRC Press,
39-81, 1994), that action potentials activate the uterus to
contract and that by measuring uterine electrical activity one
can indirectly estimate contractility.
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3
SUMMARY OF THE INVENTION

The present invention presents a method and apparatus for
recording uterine electrical activity from the surface of the:
abdomen or vagina for the purpose of diagnosing contractile
patterns of the uterus in pregnant and nonpregnant patients.
The present invention provides data analysis techniques for
analyzing electromyographic data measured from the sur-
face of a patient to characterize uterine activity.

A feature of the present invention is the measurement in
vivo of the electrical and therefore the mechanical activity of
uterine muscle tissue, to produce a more quantitative, com-
prehensive and analytical framework of the tissue by trans-
ferring information from the tissue to a computer memory
for automatic analysis and for display on a monitor for
assessment by an attending physician or other party inter-
ested in monitoring the tissue.

The present invention is applicable to a wide range of
obstetrical, gynecological and other conditions. One such
application is defining the state of the uterus during term and
preterm labor. Another application is monitoring the non-
pregnant uterus for indication of conditions such as infer-
tility and uterine pathology in cycling women. The method
and apparatus are also valuable for use in connection with
other tissues other than the uterus such as tests of bladder
function during urination or similarly, evaluation of the
bowels during defecation.

The method and apparatus of the present invention
includes algorithms for the systematic analysis of electrical
signals recorded from the abdominal surface. Such process-
ing comprises integration of signals. frequency analysis,
3-dimensional mesh plots. vector analysis. fast wavelet
transform, and joint time-frequency characteristics. These
techniques and apparatus are appropriate for use in the a
clinic or through communication lines for use as a remote or
“home” uterine monitoring unit. As such, uterine electrical
activity may be measured at a remote location. Data from
these measurements may be recorded for later processing at
a central or remote facility. or it could be processed on-line
over communications lines, such as telephone lines or radio
frequencies. Further, the present invention can be used to
predict successful treatment for cases where either the uterus
fails to develop forceful contractions at term or begins to
contract pre-term.

In accordance with an embodiment of the invention,
recording electrodes are placed at various points on the
abdominal surface of a pregnant patient. The electrodes are
connected to an amplifier to amplify the electrical signals
and in turn the amplifier is linked to a computer for analysis
and display of the signals. The signals detected by the
electrodes are surveyed to provide measurements indicative
of spontaneous electrical activity. The computer contains
software to facilitate this analysis of the signals.

The above described electrodes may alternatively be
placed on the vaginal wall. This may be particularly useful
for monitoring electrical activity in early pregnancy and in
nonpregnant women where the: uterus is small and not likely
to produce strong EMG signals that propagate to the
abdominal surface, but are transferred down the reproduc-
tive tract to the vagina.

In particular, the present invention contemplates a method

of analyzing surface electromyographic data to characterize

uterine activity, comprising applying action potential mea-
suring electrodes to an abdominal surface of a patient;
measuring electromyographic signals produced by the elec-
trodes; analyzing frequency components of the electromyo-
graphic signals; and characterizing uterine activity of the
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patient based on the analysis of frequency components. As
a further embodiment, the method also includes predicting
treatment for the patient based on the characterization of
uterine activity, in particular this treatment may be pharma-
cologically inducing or inhibiting labor in the patient.

The invention also contemplates the stimulation of the
vagina of the patient while the electromyographic signals are
being stored. This stimulation permits the assessment from
the stored electromyographic signals for the phenomenon of
conduction. and permits the diagnosis of labor as a function
of the signals. The stimulation of the vagina may either be
electrical, mechanical or pharmacological. for example
through the cutaneous introduction of oxytocin to the
patient.

Other further embodiments contemplate isolating high
frequency components (F2) within the electromyographic
signals; isolating a fast wave component (FW) within the
high frequency components (F2); determining a low-
frequency (FW,) domain, including low-frequency compo-
nents within the fast wave component (FW), and a high-
frequency (FWy) domain, including high-frequency
components within the fast wave component (FW); and
determining a relationship between the low-frequency
(FW,) domain and the high-frequency (FW,) domain
indicative of an obstetrical diagnosis. This relationship can
be indicative of pre-term or term uterine activity.

Still further embodiments of the present invention con-
template determining power density spectral characteristics
of the frequency components of the electromyographic
signals; and generating a 3-dimensional mesh plot of the
power density spectral characteristics, the plot displaying
energy levels versus frequency versus time of pregnancy.

An alternative embodiment of the present invention,
contemplates a method of analyzing surface electromyo-
graphic data to characterize uterine activity, comprising
applying six pairs of action potential measuring electrodes to
a surface of a patient; measuring electromyographic signals
produced by the clectrodes; analyzing the electromyo-
graphic signals; determining potential vector characteristics
of the electromyographic signals to identify a direction of
propagation of uterine electrical activity; and characterizing
uterine activity of the patient based on the potential vector
characteristics. This potential vector can be indicative of a
obstetrical diagnosis, including pre-term or term uterine
activity.

The apparatus of the present invention includes at least
one electrode (unipolar, bipolar, etc) that is applicable to an
abdominal surface of the patient under analysis. an analog-
to-digital converter, that is connected to the electrodes. and
that converts electtomyographic signals produced by the
electrodes into digitized data which are indicative of elec-
tromyographic signals, a memory for storing the digitized
signals, and a programmed computer for analyzing the
stored digitized signals and for providing a characterization
of uterine activity.

An alternative embodiment contemplated by the present
invention is an apparatus for recording and analyzing uterine
electrical activity from the abdominal surface, comprising at
least one action potential measuring electrode applicable to
an abdominal surface of a patient under analysis; an analog-
to-digital converter, connected to the at least one electrode,
for converting electromyographic signals produced by the
electrode into digitized data indicative of the electromyo-
graphic signals; a memory for storing the digitized signals;
and a programmed computer for analyzing frequency com-
ponents of the stored digitized electromyographic signals,
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and for providing an indication of uterine electrical activity
of the patient under analysis as a function of the stored
digitized signals. A still further embodiment contemplates an
apparatus wherein the programmed computer is used further
for determining power density spectral characteristics of the
frequency components of the electromyographic signals.

The present invention further contemplates an apparatus
in the form of a remote uterine monitoring system for
analyzing surface electromyographic data to characterize
uterine activity, comprising a remote uterine monitor and a
central programmed computer in communication with the
remote uterine monitor for analyzing stored digitized elec-
tromyographic signals, and for providing an indication of
uterine electrical activity of the patient under analysis as a
function of the stored digitized signals. The remote uterine
monitor includes at least one action potential measuring
electrode applicable to an abdominal surface of a patient
under analysis; and a remote analog-to-digital converter,
connected to the at least one electrode, for converting
electromyographic signals produced by the electrode into
digitized data indicative of the electromyographic signals.

In a further embodiment, the remote uterine monitor and
the central programmed computer communicate on-line
through a telephone line. In a still further embodiment, the
remote uterine monitoring system also includes a remote
storage device for recording the digitized electromyographic
signal data, and wherein the central programmed computer
communicates with the remote uterine monitor off-line
through the remote storage device.

These and other features and advantages of the present
invention will become apparent to those of ordinary skill in
this technology with reference to the following detailed
description and appended drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

Various features and attendant advantages of the present
invention will be more fully appreciated as the invention
becomes better understood when considered in conjunction
with the accompanying drawings, in which like referenced
characters designate the same or similar parts throughout the
several views, and wherein:

FIG. 1 is a side view, partially in phantom, showing the
recording apparatus in accordance to the present invention
attached to the abdominal wall of a pregnant patient.

FIG. 2 is an enlarged view of the surface electrodes used
in FIG. 1 in accordance with the present invention.

FIG. 3 is an illustration of two bursts of action potentials
of an EMG signal.

FIGS. 4A—4E are flow charts of the method of the present
invention.

FIGS. 5-14 are graphs of EMG signals, illustrating the
present invention.

FIG. 15 is a flow chart of a further embodiment of a data
processing technique according to the present invention.

FIG. 16 is a diagram of electromyogram frequency com-
ponents.

FIG. 17 is a graph of a burst of action potentials recorded
from the abdominal surface of a pregnant patient.

FIG. 18 is a graph of a spectral density curve.

FIGS. 19A-19B are a burst of action potentials recorded
from a rat abdominal surface, and a spectral analysis of this
burst, respectively.

FIGS. 20A—-20B are a burst of action potentials recorded
from a human abdominal surface, and a spectral analysis of
this burst, respectively.
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FIG. 21is a system for reducing noise in electrical activity
signals in the present invention.

FIGS. 22A~-22F are graphs of spectral analyses for bursts
of action potentials recorded from a rat abdominal surface.

FIGS. 23A-23G are graphs of spectral analyses for bursts
of action potentials recorded from a human abdominal
surface.

FIG. 24 is a schematic diagram of the placement of 6 pairs
of electrodes for a vector potential analysis.

FIG. 25 is an illustration of a potential vector.

FIG. 26 is a diagram of an application of the present
invention as a remote or “home” uterine monitoring system.

DETAILED DESCRIPTION

Referring now to FIG. 1, there is shown schematically a
pregnant patient 11 with a fetus 12 retained within the uterus
13. The uterine wall 14 is primarily configured of muscle
tissue and is disposed proximate the abdominal wall 16 of
the patient 11. In accordance with the principles of the
present invention, electrodes 17 are placed on the exterior of
the patient 11 on the abdominal wall 16. The electrodes 17
have leads 18 that are connected to a recording apparatus 19
including an amplifier 20, analog-to-digital converter (ADC)
21, computer 22 and monitor 23.

In accordance with the principles of the present invention,
the uterus 13 of the pregnant patient 11 is monitored for
electrical activity from signals detected on the surface of the
abdomen. The signals (EMG) are amplified by amplifier 20,
digitized by ADC 21, and displayed on a monitor 23. The
signals are also stored in the memory of computer 22 for
analysis of the frequency duration and other characteristics
of the action potentials.

In accordance with one embodiment of the present
invention, ADC 21 may be, for example, a Data-Pack I A/D
board, available from Run Technologies, or a MacLab A/D
board, available from MacLab Division of AD Instruments.
Amplifier 20 may be, for example, a Grass polygraph
recorder, Mode #7D with DC amplifiers, available from
Grass Instruments, or a Gould amplifier and recorder Model
TA240, available from Gould Isstruments, or a MacLab
amplifier for Macintosh computers, available from the
MacLab Division of AD instruments. Computer 22 with
monitor 23 may be. for example, any IBM PC compatible
computer, preferably with a 486-type microprocessor and
color display, or a Macintosh Hci computer with display, or
a Mackintosh Powerbook lap-top computer, or an IBM
lap-top computer, or any other equivalent computer and
monitor.

Electrodes 17 may be, for example, stainless steel clips or
cups, for example, various models available from Hewlett-
Packard, silver or platinum clips or cups, or they may be a
Bard catheter with electrodes for vaginal recording, avail-
able from Bard Reproductive Sciences.

Although specific examples have been given for the
various hardware components shown in FIG. 1, it will be
understood that different hardware components may be
used, without departing from the spirit and scope of the
present invention.

Referring also to FIG. 2, an enlarged side view of the
electrodes 17 is shown, that are used in contact with a
patient’s abdominal wall. The electrodes 17 are bipolar (or
tripolar) comprised of silver or platinum, and are spaced
about 1 cm apart. Leads 18 from the electrodes 17 are
connected to amplifier 20.

The amplifier 20 includes controls for amplifying or
attenuating the signals and also filters for elimination of
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some of the high or low frequency noise. The amplifier is.
for example, a battery powered ac/dc differential amplifier
with the following approximate specifications:

Gain, AC and DC

Input resistance

Leakage current
Common Mode Rejection
Noise, input shorted

Low Freq filter settings
High Freq filter settings
Output resistance

x100, x1,000 & x10,000
10'2 ohms typical

50 pA typical

100,000:1 min @ 60 Hz
10 pV p-p, 1 Hz-10 kHz
0.1, 1.0, 10, 300 Hz

0.1, 1.0, 3.0, 10 kHz
220 ohms

The computer 22 and monitor 23 may be of conventional
PC design with software and hardware to digitize the
signals. The computer 22 is programmed with software to
enable computer 22 to store. display and analyze the signals.
The operation of computer 22. in accordance with the
present invention, is discussed below in detail with reference
to the flow charts of FIGS. 4A—4E.

Referring also to FIG. 3. shown are typical bursts 31 that
are composed of multiple action potentials 32 recorded from
the surface of a patient’s abdomen 16 from electrical activity
of the uterus 13 and that correspond to the overlying
contractility of the uterus 13 (see also, FIG. 1). Various
parameters are measured from the bursts and from the action
potentials, and are used for diagnostic purposes in accor-
dance with the present invention. These parameters include:
Frequency of bursts (1/T 5), number of bursts per unit time
(Np). duration of bursts (Dp), quiescent periods between
bursts (Qp). number of action potentials in each burst (Ny),
and characteristics of the action potentials including, fre-
quency of action potentials (1/Tp). duration of action poten-
tals (Dp). magnitude of action potentials (M,,), rate of rise
of action potentials (R,,. i.c. slope of the depolarization of
action potentials, dv/dt).

Referring now to FIGS. 4A-4E., presented are flow charts
depicting the operation of the apparatus of FIG. 1, in
accordance with the present invention. In practice, the flow
charts of FIGS. 4A—4E are embodied in a computer program
used to control the operation of computer 22 of FIG. 1.
Beginning in step 41, computer 22 acquires EMG signals
produced by electrodes 17, which have been amplified by
amplifier 20 and digitized by ADC 21. In step 42, digitized
versions of the EMG signals are stored in the memory of
computer 22.

Control then passes to step 43 where the stored EMG data
is analyzed to assess parameters reflecting groups or bursts
of action potentials present in the stored EMG signal. These
analysis steps are shown in more detail with reference to
FIG. 4B. Control then passes to block 44 wherein the stored
EMG signal is analyzed to determine parameters character-
izing the individual action potentials within the stored EMG
signal. The details of the action potential analysis is shown
in FIG. 4C.

Control then passes to step 46 where probability analysis
is conducted on the EMG signal characteristics determined
in steps 43 and 44. The details of this probability analysis are
shown with reference to FIG. 4D.

Control then passes to decision block 47 where, based
upon the probability analysis performed in step 46. it is
determined whether the stored EMG signal reflects normal
or abnormal uterine progression. The details of this diag-
nostic decision are shown below with reference to FIG. 4E.
If normal progression is concluded by decision block 47,
control passes to block 48 wherein the normal progression is
characterized as either non-labor. pre-labor or labor based

10

15

20

25

30

35

40

45

30

55

60

65

8

upon characteristics of the bursts and action potentials. If
abnormality is concluded by decision block 47. control
passes to block 49 where the abnormality is characterized as
preterm labor, dystocia or other abnormalities based upon
characteristics of abnormal bursts and action potentials.

Referring now to FIGS. 3 and 4B, the details of the
analysis of burst activity conducted within block 43 of FIG.
4A are presented. Beginning in step 51, the frequency of
each burst (1/T ) is determined by estimating the number of
bursts per unit time. control then passes to block 52 where
the duration of each burst (Dp) is determined by measuring
the time from the first action potential of the burst until the
final action potential of the burst. Then, in block 53. the
quiescent periods (Qp) between the bursts are determined
from measurements of the last action potential in a burst to
the first action potentials in another burst. Then. in block 54,
the number of action potentials in each burst (N,) are
determined Control is then returned to the flow chart of FIG.
4A.

FIG. 4C presents the details of the analysis of action
potential performed by block 44 of FIG. 4A. Beginning in
block 61, the frequency of the action potential (1/T,) is
determined by estimating the number of action potentials per
unit time within each burst. Then, in block 62. the duration
of the action potentials (D) is determined by measuring the
time from depolarization to repolarization. Control then
passes to block 63 where the magnitude of the action
potentials (Mp) is determined from measurements of the
peak voltage of the depolarization. Control then passes to
block 64 where the rate of rise of the action potentials (R,))
is determined by determination of the slope dv/dt of depo-
larization. Conduction is estimated in a known manner from
the rate of rise of action potentials (R,). In general, the
greater the rate of rise, R . the higher the conduction.
Conduction may also be estimated from analysis of data
when more than one surface electrode is used and time
between bursts from separate electrodes is estimated or after
vaginal stimulation (see below). Control then returns to the
flow chart of FIG. 4A.

FIG. 4D shows details of the probability analysis per-
formed by block 46 of FIG. 4A. Beginning in block 71. the
mean of each of the measured parameters is determined (see
also, FIGS. 4B and 4C). and the standard deviation of each
of the parameters is calculated.

FIG. 4E presents the details of the diagnosis step (block
47). Data from burst and action potential probability analy-
sis (block 46) pass to blocks 81 and 82 respectively and
recorded burst and action potentials are compared to known
normal ranges of values. Estimates for normal values for the
measured parameters for action potentials and bursts of
action potentials for labor patients are presented in the
following tables.

ACTION POTENTIALS

Frequency: 1/second
Duration: 100 milliseconds
Amplitude: 1 millivolt

BURSTS

Frequency: 0.5-2.0/minute
Duration: 10-30 seconds
Action Potentials/Burst: 20

For non-labor patients, considerably lower values for the
measured parameters for action potentials and bursts of
action potentials are considerably lower than the values
presented in the above tables, with the exception of burst
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duration which may actually be larger. For values either
higher or lower than normal for burst or action potential
data, the computer recognizes these as abnormal and passes
control to block 49. If burst or action potential parameters
are within normal limits, the information passes to block 48.
The calculated standard deviations for the measured param-
eters are used to determine whether the calculated parameter
means for statistically different or the same as normal
values.

‘While utilization of the apparatus and method has been
described above as particularly useful for monitoring the
uterine wall during pregnancy, the instrument can also be
used to measure electrical activity from the vagina that
propagates or conducts from the uterus. This is particularly
useful in early pregnancy or in nonpregnant patients where
the uterus is small and not in contact with the abdominal
wall. In addition, it is within the scope of this invention to
utilize the apparatus and method thereof for medical and
biological procedures other than uterine wall monitoring,
such as, for example bladder or bowel function.

From the foregoing description, one skilled in the art may
easily ascertain the essential characteristics of this invention,
and without departing from the spirit and scope thereof, may
make various changes and modifications of the invention to
adapt it to various usages and conditions.

FIGS. 5-14 illustrate use of the present for monitoring
uterine electrical activity. To produce the graphs of FIGS.
5-14. bipolar electrodes were placed on the abdominal
surface of pregnant rats to monitor EMG activity in accor-
dance with the present invention. In addition, in order to
demonstrate the efficacy of the present invention relative to
prior, more invasive, procedures, stainless steel electrodes
were implanted directly on the uterus and/or vagina wall
surface, and, a pressure transducer (specifically, a Model
SPR-524 transducer available from Millar Instruments of
Houston, Tex.) was placed in the uterus. The apparatus for
recording was identical to that described above. The above
described invention is designed for use mainly in humans or
domestic animals whereas the following FIGS. 5-14 repre-
sent data obtained from rats. The instrumentation is essen-
tially the same for both species.

FIGS. 5-14 illustrate the correlation between the EMG
signals recorded by the abdominal surface electrodes of the
present invention, and signals recorded from uterus elec-
trodes surgically implanted in the uterus.

FIGS. 5, 6 and 7 show EMG activity (electrical activity of
the uterus) (Channels 1 and 2) and pressure (Channel 3)
recorded simultaneously directly from the uterine wall
(Channel 1) and from the abdominal surface (Channel 2) of
pregnant rats. Pressure (Channel 3) was measured from an
intrauterine pressure device. Note that on days 18 and 21 of
gestation (FIGS. 5 and 6) bursts of electrical activity are
small and do not always correspond on the surface and
uterus (FIG. 5, Channels 1 and 2), but do coincide with small
uterine contractions (FIGS. 5 to 7, Channel 3). On the other
hand, at term during delivery (FIG. 7) the EMG bursts
signals from both the uterus and abdominal surface are of
high amplitude and correlate with large pressure changes.

These studies indicate that uterine EMG activity is low
prior to term and that it increases dramatically during labor
and delivery. Furthermore, these data show that uterine
electrical activity may be recorded from the abdominal
surface (Channel 2) to give an adequate representation of
either the uterine electrical or mechanical activity.

FIG. 8 shows EMG and pressure recordings from an
animal during labor at term before and after treatment with
oxytocin. Note that the bursts (Channels 1 and 2) coincide
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to low pressure changes (Channel 3) prior to oxytocin.
Following IV infusion of oxytocin the EMG activity as
recorded on the uterus (Channel 1), and abdominal surface
(Channel 2) increase substantially and correspond to the
large pressure changes in the uterus. These results indicate
that electrical activity recorded from the surface of the
abdomen (Channel 2) accurately mirrors changes in uterine
EMG activity (Channel 1) and uterine pressure (Channel 3).

FIG. 9 shows an expanded portion of an EMG burst
recorded from the uterus (Channel 1) and abdominal surface
(Channel 2). Note that the individual action potentials within
the bursts correspond between those recorded from the
uterus and surface.

FIG. 10 illustrates EMG activity recorded from the uterus
(Channel 1), abdominal surface (Channel 2) and activity of
the heart (recorded with external electrodes placed on the
chest) (Channel 3). Note that cardiac action potentials occur
regularly with a frequency which matched the heart rate
(300 to 400 beats per minute). In contrast bursts of action
potentials from the uterus recorded with both uterine and
abdominal surface electrodes occur periodically. Note that a
minor signal from the cardiac potentials appears in the EMG
signals from the uterus and uterine signals overlap with
some signals from the heart. This information shows that
one can record action potential bursts from the uterus with
surface electrodes on the abdomen with little interference
from the heart.

FIG. 11 demonstrates EMG recordings from the uterus
and abdominal surface in conscious rats (FIGS. 5 to 10 and
FIG. 12 show data from anesthetized animals). Shown are
corresponding bursts of EMG activity demonstrating that it
is possible to record uterine electrical signals from the
abdominal surface from conscious animals.

FIG. 12 shows EMG recordings from the uterus (Channel
1) and vagina surface (Channel 2) and intrauterine pressure
(Channel 3). Note the correspondence between uterine and
vaginal EMG activity with accompanying changes in intrau-
terine pressure. These studies indicate that it is possible to
record uterine EMG activity from the vaginal wall.

FIGS. 13 and 14 depict a portion of EMG signals recorded
from the uterus (Channel 1) and from the vaginal surface
(Channel 2), indicating that when the vagina is stimulated
mechanically during labor, signals are propagated
(conducted) to the uterus (FIG. 13), whereas when the
vagina is mechanically stimulated prior to term, signals are
not conducted to the uterus (FIG. 14). This assessment of
conduction may be used to indicate or diagnose a state of
preparation for labor.

The present method and apparatus may also be used to
measure normal and abnormal function of other smooth
muscle tissue, such as that of the bladder and lower gas-
trointestinal tract. Both organs depend upon smooth muscle
contractility to perform their respective functions. Thus,
electrical activity of the bladder and bowel may be regis-
tered from the abdominal swrface during respective urination
or defecation, in order to estimate appropriate and abnormal
electrical activity of these organs.

The analysis of EMG activity by abdominal surface
recording to determine uterine contractility is further dis-
cussed in Buhimschi and Garfield, Uterine Contractility as
Assessed by Abdominal Surface Recording of EMG Activity,
approved for publication in AM. J. OB/GYN.

The present invention may also be used as a remote or
“home” uterine monitoring system. FIG. 26 shows a dia-
gram for an embodiment of a remote monitoring system
2600. Uterine electrical activity may be measured at a
remote location, such as in the privacy of one’s home,



5,623,939

11

utilizing remote monitor 2602. The data from these mea-
surements may be sent to storage device 2604 so that it may
be recorded for later use. This data from storage device 2604
may then be sent: to central data processor 2606 at a central
facility, such as a hospital. The data from storage device
2604 may also be analyzed by remote data processor 2610
that may also be located in a “home” environment.
Alternatively. data from measurements of uterine electrical
activity may be processed on-line in real-time by central
data processor 2606 or remote, data processor 2610. Com-
munication between remote monitor 2604 and central data
processor 2608 can be accomplished through telephone
lines. radio frequency links. or other remote communication
techniques. After the electrical data is processed by central
data processor 2606 or remote data processor 2610, a
diagnosis 2608 may be made.

The present invention may also be used to predict treat-
ment for a pregnant woman. The data signals collected can
be analyzed by the present system and compared to existing
norms to indicate the appropriate pharmacological treatment
depending upon the uterine activity. For example, when
signal levels are low and indicative of non-labor, a term
patient can be treated in such a fashion pharmacologically to
induce labor (i.e., oxytocin, prostaglandins. etc.). When
signal levels are high in a patient prior to term (i.e.. pre-term
labor) treatment can consist of use of uterine inhibitors to
suppress labor (e.g.. tocolytic agents. B-agonists., calcium
channel blockers. etc.). As one of skill would understand,
other obstetric diagnosis treatments could be predicted using
the present invention.

From the techniques described above. digital analysis
techniques have now been developed and further improved
to analyze further the surface EMG activity for obstetrical
diagnosis and characterization of uterine activity. FIG. 15
shows a flow-chart for an embodiment of a method accord-
ing to the present invention. Method 1500 for analyzing
surface electromyographic data to characterize uterine activ-
ity includes process steps 1502, 1504, 1506 and 1508. In
step 1502, EMG signals are first acquired. After this data is
obtained, the EMG signals are analyzed in step 1504. Once
processed and analyzed, parameters are determined from the
EMG signals that are indicative of a obstetrical diagnosis in
step 1506. Finally. a diagnosis is made or predicted in step
1508. Within this general framework, a wide variety of data
analysis techniques may be employed to analyze EMG
signal for obstetrical diagnosis.

These analysis techniques may include: (1) power-density
spectral analysis based upon 3-dimension mesh plots (e.g.,
energy level vs. frequency vs. time of pregnancy). (2)
potential vector analysis. and (3) other anatytical techniques,
such as integration of the EMG signals to provide approxi-
mate total energy within a burst of action potentials, fast
wavelet transform analysis, and joint time-frequency analy-
sis.

These analytical systems provide important information
on EMG that can be used for diagnosis. These systems are
based upon the recording of uterine electrical activity from
the abdominal surface as described above. The abdominal
electromyogram (EMG). or electrohysterogram (EHG), may
be analyzed and the resulting analysis used to facilitate the
clinical evaluation of uterine activity during pregnancy. The
present invention may also be utilized for the early diagnosis
of abnormal uterine contractility by analyzing uterine EMG
signals. Such diagnoses take advantage of the characteristic
that uterine electrical activity gradually changes during the
last month of pregnancy until parturition. Weak and local-
ized at the beginning of labor, this electrical activity
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becomes stronger., rhythmical and well propagated during
labor. EMG. therefore, offers much information about both
excitation and propagation of uterine activity.

These data analysis techniques also rely upon an unique
approach to characterizing EMG frequency components of a
burst of action potentials. FIG. 16 shows the EMG fre-
quency components of a burst of action potentials recorded
from a human uterus. A burst of action potentials is shown
in FIG. 17, which provides an amplitude versus time graph
of a burst of action potentials recorded from the abdominal
surface of a pregnant patient.

Referring back to FIG. 16, F1 (less than 0.005 Hz) is
representative of low frequency components in the EMG
data. such as the periodic occumrence of a burst. During
human parturition, the burst frequency corresponds to a
maximum of three contractions per 10 minutes (i.e., maxi-
mum F1=0.005 Hz). F2 (approximately 0.005 to 3.0 Hz) is
representative of high frequency components, such as the
intrinsic spike frequency within each burst. F2 frequencies
are believed to be more significant than F1 frequencies
because they are related to the intensity of the uterine
contraction.

F2 can be divided into. two distinct activities: a slow wave
component and a fast wave component (FW). The slow
wave component, ranging from approximately 0.005 to 0.03
Hz, is mainly obtained with abdominal recordings and is
likely caused by mechanical artifacts. The fast wave com-
ponent is of more importance and is the frequency band
representative of uterine activity (about 1 Hz for a human).
This fast wave frequency spectrum can be recorded in
virtually all situations (myometrial or abdominal recordings.
parturition of pregnancy).

In turn, this fast wave component contains two specific
domains: a low-frequency (FW,) domain present in any
uterine electrical recording and a high-frequency (FW,)
domain. The FW, domain relates to lower frequency com-
ponents (e.g.. FW, is in an approximate range from 0.01 to
0.06 Hz) having a longer duration (the duration mean was
computed as 74.6 sec). In contrast, labor EMG is related to
the presence of “high” frequency components (e.g.. FW, is
in an approximate range from 0.06 to 3.0 Hz) having a
shorter duration (the duration mean was computed as 59.3
Sec).

The relationship between FW, and FW,, has been found
to indicate preterm and term uterine activity. It may also be
useful in making other obstetrical diagnosis. This relation-
ship can be expressed by various parameters, including
parameters that are not dependent on the individual patient.
Thus, these parameters may be used as differentiation
parameters in indicating diagnoses and characterizing uter-
ine activity.

The following data analysis techniques are based upon
analyses of EMG signals using various approaches and
represent different definitions and calculations of these
parameters.

1. Power-Density Spectral Analysis

a. Spectral Analysis Technique

A spectral analysis method may be used to obtain impor-
tant spectral characteristics of uterine EMG and define some
key parameters useful in the differentiation of normal and
abnormal uterine activity.

To specify the frequency range that only concerns the
previously defined “fast” electrical activity. spectral analysis
processing is performed on the phases of EMG correspond-
ing to contractions of the pressure signal. The power density
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spectrum (PSD) curve which is computed from the filtered
“fast” (0.2-3.0 Hz) electrical burst relates to one contraction
(see FIG. 17). The pregnancy contraction mainly corre-
sponds to the FW, frequency band and the labor contraction
to the FW,, band. The energy on each of FW, band FW,,
band can be calculated. Defining E,,; as the energy of FW,
band and Ej,, as the energy of FW . the total energy Ej, on
the FW band is B, ;+E,,,. The formula is as follows:

§ 73
Epr = J P()df (FWL frequency bandwidth is
M

[A11, f12] as shown in FIG. 18)

fa2
Efn= J P(f)df (FWg frequency bandwidth is
1
[fh1, fA2} shown in FIG. 18)

Es = Epr + s

Referring to FIG. 18, which depicts an EMG power
spectral density (PSD) curve, the geometrical significance of
E,; and Eg . are the areas under the PSD curve. The
physical significance of Eg,, and E,,, is the energy of
contraction in pregnancy phases. The energies in different
pregnancy phases and labor stages are expected to be
different. The EMG signals that are processed are discrete
signals. Their PSD are also discrete functions. So, E,,; and
E;, 5 can be calculated as follows:

E ﬂZz PSD
“fwl _f=ﬂl h
2
Epm = ﬂé PSDy,
Fefhl

The energy may be dependent on the individual patient.
Supposing that the ratio (Re) of E,; and E,_,, is indepen-
dent of individuals, standard ratios (possibly invariable) may
be developed at each different stage of pregnancy, pre-labor
and labor. Thus, the following ratio may be particularly
useful as a parameter indicative of an obstetrical diagnosis:

Re=Ef,1/Ep,1.

Based on this supposition, the ratio in the early pregrancy
phase is expected to be smaller than the ratio in later
pregnancy and the labor phases. This ratio will increase with
the days of pregnancy. This means the %wL decreased but the
Eg,y increased. In the normal state, the ratio in a certain
phase of pregnancy or labor is expected to be a standard
ratio. If the ratio in certain phases of pregnancy is larger than
the standard ratio in this phase, the woman may be consid-
ered to be in an abnormal pregnancy state (the commence-
ment of premature labor or miscarriage). If the ratio is
smaller than the normal ratio, the woman may be in danger
and may suffer post-labor or dystocia problems.

Referring to FIGS. 19A-19B and 20A-20B, they show
power density spectra for FW,, components during labor.
FIG. 19A is a burst of action potentials recorded from a rat’s
abdominal surface. FIG. 19B is a power density spectra
obtained for the burst shown in FIG. 19A. As evident from
FIG. 198, labor in a rat is indicated by a large frequency
component between 2-3 Hz. FIG. 20A is a burst of action
potentials recorded from a patient’s abdominal surface. FIG.
208 is a power density spectra obtained for the burst shown
in FIG. 20A. As evident from FIG. 20B, labor in a woman
is indicated by a large frequency component at approxi-
mately 1 Hz.
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b. Application of Spectral Analysis

The development of spontaneous uterine confractility
exists throughout pregnancy, labor, and the early postpar-
tum. Changes in magnitude of uterine activity in relation to
duration of pregnancy and to the successive stages of labor
and postpartum increases dramatically during labor. These
correspond to the tremendous increase in electrical activity
(PSD) during labor.

In the examples described below, the whole EMG data
was classified as normal or abnormal (pre-labor,
miscarriage, post-labor, labor difficulty, etc.) according to
the end-result. f a woman finished normal delivery, the
whole EMG data was classified as normal, otherwise it was
classified as abnormal. After acquiring EMG data, the tem-
poral and spectral characteristics of this data was analyzed
for important statistical parameters. The parameters include
Re.Epy;. Epwye duration of contraction, and statistical data,
such as correlation coefficient and covariance.

In the study, two Ag-AgC1 Beckman electrodes (8§ mm in
diameter, 25 mm spaced centers) were placed on the
abdominal wall after careful preparation of the skin. They
were located on the median vertical axis, halfway between
uterine fundus and the symphysis. thus parallel to the more
superficial uterine fibers. The ground electrode was located
laterally on the hip. These electrode locations, based on
common anatomic references, have been found to provide
good EMG results.

The MacLab digital signal acquiring system was used to
obtain EMG signals. The mechanical effect of uterine con-
tractions were recorded by the existing method of pressure
recording with an intrauterine catheter or surface pressure
with a tocodynamometer. The pressure recording detects
weak contractions in pregnancy. The pressure signal may be
simultaneously recorded with the EMQG. providing a time
reference for the appearance of contractile activity.

c. Filtering to Eliminate Noise

The raw EMG signals can be contaminated by noise. The
noise includes respiratory artifact, background noise due to
motion, and ECG (material and fetal). Adaptive Noise
Canceling (ANC) and Adaptive Line Enhancer (ALE) meth-
ods with the LMS (lease mean squares) adaptation algo-
rithms were used to cut off the noise. The noises were first
classified into reference noises and background noise that
contaminate the EMG signal according to their frequency
range. The frequency range of the EMG fast wave compo-
nent lies mostly between 0.2 Hz and 3 Hz. The frequency of
respiratory artifacts is around 0.3 Hz. Some overlap,
therefore, exists between frequencies caused by the respi-
ratory artifacts and the EMG signals. An adaptive noise
canceler is used to eliminate the respiratory artifact from the
desired uterine EMG measurements.

The ECG signal (from heart activity) frequency range is
greater than 2 Hz. Thus, there may also be some overlap
between ECG and EMG signals. However, this overlapping
part of the ECG signal has very low energy. The nonover-
lapping part of the ECG can be processed as background
noise. Thus, the noises that contaminate the EMG signal are
mainly respiratory signals (mostly overlap with EMG) and
background noise (including ECG signals).

Referring to FIG. 21, a system for reducing the noise in
the EMG signal is shown. In particular, an adaptive filter
system is shown, which consists of the Adaptive Line
Enhancer (ANE) and the Adaptive Noise Canceler (ANC).
The components for these systems are available from New-
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ark Electronics. Chicago. IIl. Both filters use a LMS (least
mean square) algorithm.

In operation. the main signal d;, which includes the EMG
signal or primary signal (s;). is bandpass filtered with
bandwidth (.2-3.0 Hz before adaptive filtering. An adaptive
noise canceler (ANC) is used to filter out respiratory noise
(r;). Here. a respiratory signal is also a reference signal (r;)
of the ANC. A respiratory reference signal is recorded by
positioning a pressure transducer on the chest above the
diaphragm. The Adaptive Line Enhancer (ANE) is to elimi-
nate the background noises n; from the primary signal s;. The
delay. A, is chosen as one constant according to practical
experiments to decorrelate the periodic and correlated sig-
nals s; and 1; from n;.

Thus, the Adaptive Line Enhancer (ANE) part of the
adaptive system functions as a preprocessing unit to elimi-
nate the background noise n;. The adaptive noise canceler is
used to eliminate respiratory artifacts (r,). After the
processing, an enhanced main EMG signal (s,) is acquired
and may be analyzed.

d. Time and Shape Analysis of Burst Power

The power density spectral analysis does not define
differences in power density at different time points within
the burst. This is likely important during pregnancy when
electrical coupling is poor prior to term as compared with
well coupling during labor. In this type of analysis, the
power of the burst over time is expressed. Prior to term, this
analysis is expected to show a weak initial signal with a peak
during the mid-phase of the burst. Because electrical cou-
pling is improved during normal labor, the power per unit
time is expected to be maximal with little change from
beginning to the end of a burst.

e. Application of Spectral Analysis Technique

To specify the frequency range representative of the
previously defined “fast” electrical activity, the spectral
analysis is performed on the EMG signal phases correspond-
ing to contractions. The contractions are detected by record-
ing pressure at the same time when the EMG signals are
recorded. The power spectral density is computed in the
frequency range 0.2-3.0 Hz with a Kaiser Window Filter. An
estimation technique of parametric modeling methods was
used to calculate the PSD. Parametric modeling methods
include AR (Autoregressive Methods) and ARMA
(Autoregressing Moving Average Method).

According to the PSD, the energy on discriminating
frequency bands FW, and FW, and the energy ratio Re can
be calculated. After acquiring a group of Re’s, statistical
values of Re and its standard deviation (SD) can be calcu-
lated. The power spectral analysis (PSD) can be carried
further along into coherence analysis if necessary, such as
that described in Sica, et al., Respiration-Related Features of
Sympathetic Discharges in the Developing Kitten, Journal
Automatic Nervous System, 44:77-84, 1993; and Sica, et al..
Evidence for Central Patterning of Sympathetic Discharge in
Kittens. Brain Research, 530:349-352, 1990.

Focusing on frequency analysis of the amplitude or
energy levels in bursts of action potentials at various times
in pregnancy, mesh plots of the “power density” of the bursts
of action potentials can be created.

FIGS. 22A-22F represent graphical depictions of power
density analyses and 3-dimensional mesh plots for EMG
data measured from the uterine activity at a rat’s abdomen
surface.

10

15

20

25

30

35

40

45

50

55

60

65

16

FIG. 22A shows a burst of action potentials from the
EMBG signal, as well as the corresponding intrauterine pres-
sure (IUP) changes, recorded from a pregnant rat at day 22,
where the rat was not in labor. FIG. 22C shows a burst of
action potentials form the EMG signal, as well as the
corresponding intrauterine pressure (IUP) changes. recorded
from a pregnant rat at day 22, where the rat was in labor.
Only frequencies between 0.3-50 Hz in the EMG signal are
shown in FIG. 22A and FIG. 22C.

FIG. 22B shows a power density spectral analysis of the
burst shown in FIG. 22A. For a rat not in labor, no large
frequency components are present, except for a component
below 0.5 Hz. This component is attributable to respiratory
noise or breathing. FIG. 22D shows a power density spectral
analysis of the burst shown in FIG. 22C. In stark contrast to
the frequency components present in FIG. 22B. large fre-
quency components are present in FIG. 22D. Comparing
FIG. 22B and FIG. 22D, it is significant to note that the peak
frequency of the action potentials occurs between approxi-
mately 2-3 Hz in a delivering rat and that very high energy
levels occur during labor as compared to a non-delivering
rat. It should also be noted that a large frequency component
is still present in FIG. 22D below 0.5 Hz. which may again
be attributed respiratory noise or breathing.

Referring to FIG. 22E. a mesh plot (energy levels vs.
frequency vs. time of pregnancy) is shown that was prepared
from many rats at different times in pregnancy. FIG. 22E
shows that the energy level was very low (flat) prior to labor
at days 18 to 22 NL (NL representing “non-labor”). Energy
levels then rose sharply during labor at day 22 L (L repre-
senting “labor”). The energy levels then declined rapidly
during postpartum days 1-2 pp (pp representing
“postpartum”).

Referring to FIG. 22F, a combined mesh plot is shown.
This mesh plot includes a mesh plot from EMG measure-
ments from a rat for a normal delivery overlapped with a
mesh plot from EMG measurements from a rat for a preterm
delivery. Preterm delivery was achieved by treating a rat
with ZK299 (onapristone) to induce preterm birth. As evi-
dent from FIG. 22F. energy levels for a forced preterm
delivery were also greatly increased over a normal preg-
nancy as shown in FIG. 22E.

The data in FIGS. 22A-22F, therefore, show that power
density spectral analysis of the EMG signals from bursts of
action potentials may be used to predict when an animal is
in term or preterm labor. The changes in the power density
spectra from low to high levels reflect increased excitation
and propagation of action potentials in the myometrium
during labor and delivery. Thus, the spectral analysis pro-
vides a technique for indicating or predicting treatment
during pregnancy. Further, these analyses may provide indi-
cations of other obstetrical diagnoses.

The techniques described above were also used to mea-
sure EMG signals of bursts of action potentials in pregnant
women. FIGS. 23A-23G represent graphical depictions of
power density analyses and a 3-dimensional mesh plot for
EMG data measured from the uterine activity at a woman’s
abdomen surface.

FIGS. 23A-23B show electrical activity recorded from
two sites on the abdominal surface in a patient at 27 weeks
of gestation (FIG. 23A) and in a term laboring patient (FIG.
23B). The patient at 27 weeks was progressing normally and
appeared for a weekly perinatal visit. She had worked all day
and felt minor contractions that corresponded to the EMG
activity (arrows in FIG. 23A). Eventually, this patient deliv-
ery a healthy boy at term. In contrast, the patient at term
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labor in FIG. 23B shows high amplitude and frequent (every
¥ min.) EMG bursts. This patient delivered a normal baby
girl about 30 minutes after the above record was made.
Comparing 23A and 23B, it is evident that the frequency and
amplitude of EMG bursts are quite different between the
term and preterm patients.

FIGS. 23A-23B also provide duplicate readings. The first
set was made using large electrodes. The second set was
made using small electrodes. Both the small and large
electrodes were found to be equally effective.

FIG. 23C shows a burst of action potentials from the
EMG signal recorded from a pregnant woman at 27 weeks,
where the woman was not in labor. FIG. 23E shows a burst
of action potentials form the EMG signal recorded from a
pregnant woman at week 42, where the woman was in labor.
Only frequencies between 0.3-50 Hz in the EMG signal are
shown in FIG. 23C and FIG. 23E.

FIG. 23D shows a power density spectral analysis of the
burst shown in FIG. 23C. For a woman not in labor, no large
frequency components are present. FIG. 23F shows a power
density spectral analysis of the burst shown in FIG. 22E. In
stark contrast to the frequency components present in FIG.
22D, large frequency components are present in FIG. 22F
Comparing the power spectrum analyses of the EMG bursts
from the above patients (FIG. 23D and FIG. 23F), the bursts
from the patient at 27 weeks gestation showed low energy
levels (FIG. 23D), while the term labor patient demonstrated
very high energy with a peak frequency about 1 Hz (i.e., 1
action potential per second) (FIG. 23F). It should also be
noted that a large frequency component is present in FIG.
22F below 0.25 Hz, which may be attributed to respiratory
noise or breathing.

FIG. 23G shows a power density spectral mesh plot
(energy levels vs. frequency vs. weeks of gestation) for
EMG measurements of bursts of action potentials from a
pregnant patient during gestation. Analysis of such data for
many patients showed very similar results to the rat studies
above (compare to FIG. 22E). In particular, it was found that
the power density spectrum is relatively low (flat) prior to
term labor, but rises dramatically during labor.

"~ The above data indicates that spectral analysis of EMG
bursts in women is of considerable value in evaluating the
contractile state of the uterus during pregnancy. Information
from these analyses can be used to dictate treatment. Patients
at term with low power density spectrum score would not be
expected to have passed through the series of steps neces-
sary for excitation of the myometrium and, therefore, may
require adjuvant treatment to augment labor. On the other
hand, patients with a high score, normal for labor, would be
predicted to progress without any treatment.

Similarly, spectral analysis may be useful to foretell
treatment and outcome of patients thought to be in preterm
labor, Patients thought to be in preterm labor that have a low
spectrum score might be expected to proceed normally to
term. High spectral scores preterm should be coincident with
true labor contracts and this information may lead to effec-
tive treatment to prevent preterm birth.

Spectral analysis may also be used to estimate the tran-
sition from low to high energy levels. Thus this technology
may be helpful to monitor patients continuously in order to
assess normal or abnormal progress. These methods will
also be particularly useful for remote or “home” uterine
recordings and monitoring. In this way, patients can easily
be instrumented and monitored from a distance via a com-
munications link, such as telephone lines.
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2. Potential Vector Analysis using
Vectorhysterograms

A vector analysis of action potentials may also be used to
determine useful parameters for obstetrical diagnosis.

The uterine electromyogram. is the result of electrical
activity generated at the cellular level. The potential at any
arbitrary point on the abdominal surface, back and sides
from a pregnant woman may be measured and recorded, and
the whole uterus can be modeled as a dipole vector. If the
vector represents the spread of uterine myometrium
excitation, the orthogonal component of the vector can be
recorded. The orthogonal vector component P.(t). P,(t) and
P_(t) of the vector P and its direction can be determined and
analyzed.

a. General Principles

Body surface potential vector analysis is based on Frank’s
torso experiment model and research results. In the 1950’s,
Frank shaped a plaster cast of a subject’s body, waterproofed
it and filled it with saltwater. He then placed a dipole source
composed of two electrodes on a rod within the torso model.

From measurements in such experiments. Frank found
that the geometrical transfer coefficients that relate the
dipole source to each point of the body surface potential
V,(t). Thaus for a set of k body surface potentials, there is a
set of k equations that can be expressed in matrix from:

V=T*P.
Here Ve={v,. ... . VG T={T To. To b Tt e v o G
T2={ty, - .+ « b} Ty={tyys - - « + Lyt s P={P P P1.V

is a K*1 vector, T is a K*3 transfer coefficient matrix. P is
the 3*1 time-varying dipole source vector.

Based upon this dipole analysis, and making the dipole
source a uterus of a pregnant women, the potential at any
point and at the same time can be measured to obtain the
orthogonal vector component of the action potentials on an
XYZ axis. FIG. 24 illustrates the placement of electrodes on
a patient, and a 3-dimensional position of electrodes located
on an XYZ axis.

When acquiring the six point potential at any time, the
vector component on X, Y axis at this time is also obtained.
That is:

P(B=Vr (Va8
Pyt)=Vou(0-V,a();
P (t=Va(H-Vo(t:

It is noted that the direction is that the vector points toward
the electrode with higher potential. For example, if P >0,
then the direction is in X positive direction.

b. EMG Signal Recording and Noise Canceling

Six bipolar pairs of Ag-AgC1 beckman electrodes may be
used. They may be arranged on the abdominal surface, sides
and back of a patient, as shown in FIG. 24. It is also possible
to use a fewer or a greater number of electrodes. Further,
other electrodes may be used, such as unipolar, tripolar, etc.

At each point the system records the EMG signal corre-
sponding to the uterine contraction. A Maclab digital signal
processing system is used to acquire the EMG signals at
each point. The EMG signal at each point will likely be
contaminated by noises. The Adaptive Noise Canceler
(ANC) and Adaptive Line Enhancer (ANE) may be used to
cut off the noises, as discussed above.
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c. Analysis

Six channel EMG signal segments are selected to corre-
spond to the mechanical contact segments of the uterus. Data
is then saved into one data file. The data file is then analyzed.

To analyze the data, the: orthogonal vector components
P.. P, and P, are acquired. According to the orthogonal
vector component direction. the tracing of uterine potential
vector P(t) can be divided into 8 areas in a 3-dimension
space. The rules are as follows:

P.(t) Py(t) P,(t) Area No.
+ + + 1
- + + 2
- - + 3
+ - + 4
+ + - 5
- + - 6
- - - 7
+ - - 8

At each sample time, the system will calculate the direc-
tion vector {@,. @,. @.} of uterine potential vector P(t) as
shown graphically in FIG. 25. @, is the angle of vector P(t)
with X axis in 3-dimension. @, is the angle of vector P(t)
with Y axis in 3-dimension. @, is the angle of vector P(t)
with Z axis in 3-dimension. The formula of calculating the
angle is as follow:

@ =cos™ (1P 1/(1P 1%+1P 1%+1P_1%)'?2);
@,~cos }(1P,1/(1P 12+1P 12+1P_12)'2);
@ =cos (1P V(1P 1*+1P,1%+1 P 1%)"?);

The present system may display the vector P(t) tracing in
3-dimension on a computer screen. The user can select the
demonstration speed that controls the tracing on screen.
‘When the lower speed is selected, the details of the tracing
changes at each sample time can be easily observed. The
system supports another method to assist the user to analyze
the changes in progression of P(t) at each sample time. At
each sample time t;, the system will determine which area
vector P(t;) should be in according to the rules of area
division. The system will draw out the change in progression
in order of P(t) as follow:

Time: t, t, + At t, +2 At t,+3 At ..
Order: 1 to 3 to 5 to 6 to...
Angle: {1224,53}to  {23,54,12} to  {3,23,15} to {13,34,60} to . .

The results can be printed on a printer. Using this method
the vector of activity can be defined, and the origin and
direction of spread of activity may also be defined. Using
this technique. pacemaker regions and direction of propa-
gation of uterine electrical activity may be identified.

These parameters may then be used to predict treatment of
pregnant women or to make other obstetrical diagnoses.

3. Other Data Analysis Techniques

As would be obvious to one of skill in the art, other
analytical techniques may be utilized to analyze the uterine
electrical activity data described above.

One alternative technique is to integrate the energy mea-
sured for a burst of action potentials. Using this technique,
the electrical signals in a burst of action potentials recorded
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from the uterus are first summed (i.e., positive plus negative
signals) and the total area under the curve is then integrated.
This analysis gives a rough estimate of the energy within a
burst of action potentials. It does not. however, account for
the length or time component of the data measured. Thus,
this analysis could be extended by further dividing the
approximate total energy for the burst of action potentials by
the total time of the burst to determine the integrated
function/time value or energy per unit time for the burst.

Another technique that may be utilized is a fast wavelet
transform technique. This technique could be adapted from
that described in Cody, The Fast Wavelet Transform, Dr.
Dobb’s Journal (April 1992); Cody. A Wavelet Analyzer, Dr.
Dobb’s Journal (April 1993); and Cody, The Wavelet Packet
Transform, Dr. Dobb’s Journal (April 1994).

A still further technique that may be adapted and utilized
is a joint time-frequency analysis. This technique could, be
implemented utilizing the LabVIEW Joint-Time Frequency
Analysis (JFTA) Toolkit available from National
Instruments, Austin, Tex.

While the present invention has been presented with
reference to particular embodiments. it will be understood
that additions, deletions and changes to these embodiments
may be made without departing from the spirit and scope of
the present invention.

What is claimed is:

1. A method of analyzing surface electromyographic data
to characterize uterine activity, comprising:

applying action potential measuring electrodes to a sur-

face of a patient;

measuring electromyographic signals produced by said

electrodes;

analyzing frequency components of said electromyo-

graphic signals; and

characterizing uterine activity of said patient based on

said analysis of frequency components.

2. The method of claim 1, further comprising:

stimulating a vagina of said patient while said elec-

tromyographic signals are being measured; and
diagnosing labor as a function of said signal analysis.

3. The method of claim 1, further comprising:

predicting treatment for said patient based on said char-

acterization of uterine activity.

4. The method of claim 3, wherein said predicting step
comprises pharmacologically inducing or inhibiting labor in
said patient.

5. The method of claim 1, wherein said analyzing step
further comprises isolating high frequency components (F2)
within said electromyographic signals.

6. The method of claim 5, wherein said high frequency
components (F2) are in the approximate range from 0.005 to
3.0 Hertz.

7. The method of claim 5. wherein said analyzing step
further comprises:

isolating a fast wave component (FW) within said high

frequency components (F2); and

determining a low-frequency (FW,) domain, including

low-frequency components within said fast wave com-
ponent (FW), and a high-frequency (FW,) domain,
including high-frequercy components within said fast
wave component (FW).

8. The method of claim 7, wherein said low-frequency
(FW_) domain includes frequencies in the approximate
range from 0.01 to 0.06 Hertz, and said high-frequency
(FW,) domain includes frequencies in the approximate
range from 0.06 to 3.0 Hertz.
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9. The method of claim 7, wherein said apalyzing step
further comprises determining a relationship between said
low-frequency (FW,) domain and said high-frequency
(FW,,) domain indicative of an obstetrical diagnosis.
10. The method of claim 9, wherein said relationship is
indicative of pre-term or term uterine activity.
11. The method of claim 7, wherein said analyzing step
further comprises determining power density spectral char-
acteristics of said frequency components of said electromyo-
graphic signals.
12. The method of claim 11, said analyzing step further
comprises generating a 3-dimensional mesh plot of said
power density spectral characteristics, said mesh plot dis-
playing energy levels versus frequency versus time of preg-
nancy.
13. The method of claim 11, wherein said analyzing step
further comprises:
creating a power density spectrum curve;
integrating said power density spectrum curved to deter-
mine an approximate total low energy for said low-
frequency (FW,) domain and an approximate total high
energy for said high-frequency (FW,) domain; and

determining a relationship between said approximate total
low-energy and said approximate total high-energy
indicative of an obstetrical diagnosis.

14. The method of claim 13, wherein said relationship is
a ratio.

15. The method of claim 13, wherein said relationship is
indicative of pre-term or term uterine activity.

16. The method of claim 1, wherein said analyzing step
further comprises determining fast wavelet transform char-
acteristics of said frequency components of bursts of action
potentials within said electromyographic signals.

17. The method of claim 1, wherein said analyzing step
further comprises determining joint time-frequency charac-
teristics of said frequency components of bursts of action
potentials within said electromyographic signals.

18. A method of analyzing surface electromyographic
data to characterize uterine activity, comprising:

applying a plurality of action potential measuring elec-

trodes to a surface of a patient;

measuring electromyographic signals produced by said

electrodes;
analyzing said electromyographic signals
determining potential vector characteristics of said elec-
tromyographic signals to identify a direction of propa-
gation of uterine electrical activity; and

characterizing uterine activity of said patient based on
said potential vector characteristics.

19. The method of claim 18, wherein said analyzing step

further comprises determining a uterine potential vector
indicative of a obstetrical diagnosis.
20. The method of claim 19, wherein said diagnosis is of
pre-term or term uterine activity.
21. A method of analyzing surface electromyographic
data to characterize uterine activity, comprising:
applying action potential measuring electrodes to a sur-
face of a patient;
measuring electromyographic signals produced by said
electrodes;
analyzing said electromyographic signals;
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integrating energy corresponding to bursts of action
potentials within said electromyographic signals to
determine an approximate total energy of said bursts of
action potentials, and

characterizing uterine activity of said patient based on

said approximate total energy.

22. The method of claim 21, wherein said analyzing step
further comprises utilizing said approximate total energy
and an approximate time for said bursts of action potentials
to determine an approximate energy per unit of time, and
wherein said characterizing step further comprises charac-
terizing uterine activity of said patient based on said
approximate energy per unit of time.

23. An apparatus for recording and analyzing uterine
electrical activity from the abdominal surface, comprising:

at least one action potential measuring electrode appli-

cable to a surface of a patient under analysis;

an analog-to-digital converter, connected to said at least

one electrode, for converting electromyographic sig-
nals produced by said electrode into digitized data
indicative of said electromyographic signals;

a memory for storing said digitized signals; and

a programmed computer for analyzing frequency compo-

nents of said stored digitized electromyographic
signals, and for providing an indication of uterine
electrical activity of said patient under analysis as a
function of said stored digitized signals.

24. The apparatus of claim 23, wherein said programmed
computer is further for isolating a fast wave component
(FW) within said stored digitized electromyographic signals,
for determining a low-frequency (FW,) domain, including
low-frequency components within said fast wave compo-
nent (FW), and for determining a high-frequency (FW,,)
domain, including high-frequency components within said
fast wave component (FW).

25. The apparatus of claim 24, wherein said programmed
computer is further for determining a relationship between
said low-frequency (FW;) domain and said high-frequency
(FW,;)) domain indicative of an obstetrical diagnosis.

26. The apparatus of claim 23, wherein said programmed
computer is further for determining power density spectral
characteristics of said frequency components of said elec-
tromyographic signals.

27. The apparatus of claim 23, wherein said programmed
computer is further for creating a power density spectrum
curve, for integrating said power density spectrum curved to
determine an approximate total low energy for said low-
frequency (FW,) domain and an approximate total high
energy for said high-frequency (FW) domain, and for
determining a relationship between said approximate total
low-energy and said approximate total high-energy indica-
tive of an obstetrical diagnosis.

28. An apparatus for recording and analyzing uterine
electrical activity from the abdominal surface. comprising:

a plurality of action potential measuring electrodes appli-

cable to a surface of a patient under analysis;

an analog-to-digital converter, connected to said plurality

of electrodes, for converting electromyographic signals
produced by said electrodes into digitized data indica-
tive of said electromyographic signals;

a memory for storing said digitized signals; and

a programmed computer for analyzing said stored digi-

tized electromyographic signals, for determining
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potential vector characteristics of said electromyo-
graphic signals to identify a direction of propagation of
uterine electrical activity. and for providing an indica-
tion of uterine electrical activity of said patient under
analysis as a function of said potential vector charac-
teristics.

29. A remote uterine monitoring system for analyzing
surface electromyographic data to characterize uterine
activity, comprising:

a remote uterine monitor including:

at least one action potential measuring electrode appli-
cable to a surface of a patient under analysis; and

a remote analog-to-digital converter, connected to said
at least one electrode, for converting electromyo-
graphic signals produced by said electrode into digi-
tized data indicative of said electromyographic sig-
nals; and
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a central programmed computer in communication with
said remote uterine monitor for analyzing said stored
digitized electromyographic signals. and for providing
an indication of uterine electrical activity of said patient
under analysis as a function of said stored digitized
signals.

30. The remote uterine monitoring system of claim 29,
wherein said remote uterine monitor and said central pro-
grammed computer communicate on-line through a tele-
phone line.

31. The remote uterine monitoring system of claim 29,
further comprising a remote storage device for recording
said digitized electromyographic signal data, and wherein
said central programmed computer communicates with said
remote uterine monitor off-line utilizing said remote storage
device.
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