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7) ABSTRACT

A method and apparatus for monitoring the condition of a
fetus to assess a degree of risk of developing a permanent
neurological condition is provided. A signal indicative of a
fetal heart is processed to derive a degree of risk of devel-
oping a permanent neurological condition. The data indica-
tive of the degree of risk of developing a permanent neu-
rological condition indicates a likelihood that the condition
of the fetus belongs to a class in a group of classes, where
each class in the group of classes is associated with a
pre-defined fetal condition. Data indicative of the degree of
risk of developing a permanent neurological condition is
then released. In one example, a neural network is used to
obtain data indicating the likelihood that the condition of the
fetus belongs to a class in the group of classes.
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METHOD AND APPARATUS FOR MONITORING
THE CONDITION OF A FETUS

FIELD OF THE INVENTION

[0001] The present invention relates generally to elec-
tronic fetal monitoring and, more particularly, to a method
and apparatus for classifying a fetal heart rate signal to
assess a degree of risk for permanent neurological damage
associated to the fetus.

BACKGROUND OF THE INVENTION

[0002] During labour, a fetus may experience oxygen
deprivation that can produce permanent neurological dam-
age. Cerebral palsy (CP) is a permanent neurological con-
dition characterised by neuromotor spasticity and often
associated with seizures and or mental retardation. In severe
forms the child may be unable to crawl, have frequent
seizures and severe mental handicap. Brain injury from
insufficient oxygenation of the baby during labor leading to
cerebral palsy is a condition obstetricians wish to avoid.
Typically, since the fetus is not easily accessible and there-
fore evaluation is based on indirect observations, the medi-
cal team evaluates indirect signs of insufficient oxygenation
of the baby during labour and may intervene with various
diagnostic or therapeutic options to avoid serious fetal
compromise.

[0003] One of the most commonly used methods to evalu-
ate fetal tolerance to labour is analysis of the fetal heart rate
by using electronic fetal monitors. These monitors measure
both the fetal heart rate and the mother’s uterine contraction
pattern. They produce a paper print out of the tracing over
time. Historically, the clinical staff used visual methods to
study the tracings and from this deduce the degree of fetal
well being in regards to tolerance to labour or pre-labour
conditions. Abnormal patterns can lead to interventions such
as more diagnostic tests, induced delivery of the baby or
delivery by cesarean section. The features of the fetal heart
rate that are used by clinicians include baseline, accelera-
tions, deceleration and variability of the fetal heart rate.

[0004] A deficiency with the above described method is
that it does not allow to objectively quantify multiple
features of tracings over time since the analysis of the strip
by the doctor or nurse is visual and therefore subject to
imprecision and normal human biases. Physicians show
great variation in how they measure, label and interpret fetal
heart rate patterns, particularly when the patterns are mea-
sured only by visual inspection of the paper recording.
While doctors and nurses are trained and presumably com-
petent in their ability to assess the strip, there can be
differences of opinion that may result in different interven-
tions being done to the patient. There is often no suitable
confirmation of the preoperative diagnosis that can be used
to objectively validate the doctor’s decision.

[0005] The issue of whether severe neurological damage
could have been prevented with a suitable diagnosis is the
issue of several lawsuits in the United Kingdom and in the
United States. Due to the lack of objective and reliable data,
the actions of the health care team are frequently considered
not defensible and several cases are settled out of court.
Irrespective of the exact proportions of preventable cases,
the total malpractice cost born by obstetricians is staggering.
Total annual estimated cost by the Florida Neurologic com-
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pensation Board for the labor & delivery related injuries or
death was (no fault cost 27.58 million per year). Births in
Florida represent 4% of the total US births. Extrapolating
these rates to the entire United States, the cost of birth
related brain injury is approximately 650 million USD
annually without accounting for the human cost. For addi-
tional information pertaining to the above, the reader is
invited to refer to Frank A. Sloan, PhD?, Kathryn Whetten-
Goldstein, PhD®, Gerald B. Hickson, MD*, The influence of
obstetric no-fault compensation on obstetricians’ practice
patterns, American Journal of Obstetrics and Gynecology
September 1998, part 1*Volume 179*Number 3¢p671 to
p676 whose contents are hereby incorporated by reference.

[0006] A further difficulty in the study of this problem is
the relative rarity of serious fetal compromise, both due to
its natural low incidence and the fact that the medical team
will intervene to prevent its full development whenever
there is an indication of it beginning. The difficulty inherent
in studying a rare event has been addressed by substituting
more commonly observed early new-born outcome charac-
teristics that are related to permanent birth related neuro-
logical damage. Examples of these more commonly
observed outcomes are low Apgar scores, (a 10 point mea-
sure of vigor at birth), or rates of caesarean section for fetal
distress. A further extension of this concept is to use even
simpler measures such as a scoring of the fetal heart rate
record and placing it in various categories based on the
cumulative score (Krebs, Fischer scores).

[0007] A deficiency of methods of the type described
above is that the prognosis of babies with these outcomes
e.g. low Apgar scores, caesarean section for fetal distress,
low Fisher or low Krebs scores, is generally very good.
These tests do not allow an adequate level of discrimination
between babies who have poor prognosis and those with a
good prognosis.

[0008] In the context of the above, there is a need in the
industry to provide a method and device for classifying a
condition of a fetus that alleviates at least in part problems
associated with the existing methods.

SUMMARY OF THE INVENTION

[0009] 1In accordance with a first broad aspect, the inven-
tion provides a method suitable for monitoring the condition
of a fetus. A signal indicative of a fetal heart rate is received
and processed to derive data indicative of a degree of risk of
developing a permanent neurological condition. The data
indicative of the degree of risk of developing a permanent
neurological condition indicates a likelihood that the con-
dition of the fetus belongs to a class in a group of classes,
each class in the group of classes being associated with a
pre-defined fetal condition. The data indicative of the degree
of risk of developing a permanent neurological condition is
then released.

[0010] An advantage of the present invention is that the
degree of risk of developing a permanent neurological
condition can be more objectively diagnosed.

[0011] Another advantage of the present invention is that
by providing a more objective pre-delivery diagnosis, a later
assessment regarding the issue of whether severe neurologi-
cal damage could have been prevented can be more objec-
tively assessed. For instance, in lawsuits the presence of
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objective and reliable data will allow the actions of the
health care team to be considered and defended in a court of
law.

[0012] In accordance with a non-limiting implementation,
a signal indicative of uterine activity is also received and
processed with the signal indicative of the fetal heart rate to
derive the data indicative of a degree of risk of developing
a permanent neurological condition.

[0013] In accordance with a specific implementation, each
class in the group of classes is characterised by the presence
or absence of new-born encephalopathy and according to the
arterial cord blood gas base deficit, herein referred to as base
deficit (BD), being above or below a pre-determined level.

[0014] In a specific implementation, the group of classes
includes four classes namely:

[0015] a first class associated to a pre-determined
fetal condition indicative of the presence of new-
born encephalopathy and a base deficit measurement
above a pre-determined level,

[0016] a second class associated to a pre-determined
fetal condition indicative of the presence of new-
born encephalopathy and a base deficit measurement
below a predetermined level,

[0017] a third class associated to a pre-determined
fetal condition indicative of the absence of new-born
encephalopathy and a base deficit measurement
above a pre-determined level; and

[0018] a fourth class associated to a pre-determined
fetal condition indicative of the absence of new-born
encephalopathy and a base deficit measurement
below a pre-determined level.

[0019] Advantageously, the invention allows classifying
the condition of a fetus such as to indicate the presence or
absence of new-born encephalopathy and the base deficit
level being above or below a pre-determined level. When the
baby is a fetus in-utero, the base deficit and the presence or
absence of newborn encephalopathy cannot be directly
assessed. The invention makes use of the fetal heart rate
signal to classify the condition of the fetus according to the
above-described classes.

[0020] Several mathematical techniques as well as rule-
based techniques can be used to characterise the association
of fetal heart rate patterns to the classes. Alternatively,
artificial neural networks can be used to characterise the
associations between fetal heart rate patterns and the classes
described above.

[0021] In accordance with a specific implementation, the
signal indicative of the fetal heart rate is processed using a
neural network to derive a degree of risk of developing a
permanent neurological condition related to hypoxic injury.
The neural network includes a plurality of inputs and a set
of outputs, the outputs corresponding to respective classes in
the group of classes. The neural network is adapted to
release at each of the outputs a likelihood value associated
to a respective class in the group of classes indicating the
likelihood that the condition of the fetus belongs to a given
class.

[0022] In a non-limiting implementation, the signal
indicative of a fetal heart rate is processed to derive a
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plurality of feature measures. These feature measures are
provided to the plurality of inputs of the neural network. The
signal indicative of a fetal heart rate includes heart rate
information collected over a certain period of time. The
certain period of time may have any suitable duration. In a
specific non-limiting example, the certain period of time is
in excess of 1 hour. In another specific non-limiting
example, the certain period of time is in excess of 2 hours.
In another specific non-limiting example, the certain period
of time is in excess of 3 hours. In yet another specific
non-limiting example, the certain period of time is in excess
of 4 hours.

[0023] Inaccordance with another broad aspect, the inven-
tion provides an apparatus for monitoring the condition of a
fetus in accordance with the above-described method.

[0024] 1In accordance with yet another broad aspect, the
invention provides a computer readable medium including a
program element suitable for execution by a computing
apparatus for monitoring the condition of a fetus in accor-
dance with the above described method.

[0025] 1Inaccordance with another broad aspect, the inven-
tion provides a trained neural network for monitoring the
condition of a fetus. The neural network comprises an input
unit, a processing core and a set of outputs. The input unit
is for receiving feature measures derived from a signal
indicative of a fetal heart rate of a fetus. The set of outputs
are associated to respective classes in a group of classes,
each class in the group of classes being associated with a
pre-defined fetal condition. The processing core processes
the feature measures received at the input unit and releases
at each output in the set of outputs data indicative of a
likelihood that the condition of the fetus belongs to a
respective class.

[0026] In accordance with a non-limiting implementation,
the input unit also receives feature measures derived from a
signal indicative of uterine activity.

[0027] 1In accordance with a specific implementation, each
class in the group of classes is characterised by the presence
or absence of new-born encephalopathy and according to the
arterial cord blood gas base deficit, herein referred to as base
deficit (BD), being above or below a pre-determined level.
In a specific implementation, the group of classes includes
the four classes described above.

[0028] 1In accordance with yet another broad aspect, the
invention provides a computer readable medium including a
program element suitable for execution by a computing
apparatus for implementing the above described neural
network.

[0029] 1Inaccordance with another broad aspect, the inven-
tion provides a method for training a neural network suitable
for monitoring the condition of a fetus. The method includes
receiving a plurality of records, each record comprising a
first entry indicative of a fetal heart rate signal and a second
entry indicative of a class selected from a group of classes,
each class in the group of classes being indicative of a
pre-defined fetal condition. The neural network is condi-
tioned on the basis of the first and second entries of each
record such as to enable the neural network, upon reception
of a signal indicative of a fetal heart rate to derive a
likelihood that the condition of the fetus belongs to a class
in the group of classes.
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[0030] In accordance with a specific implementation, each
class in the group of classes is characterised by the presence
or absence of new-born encephalopathy and according to the
arterial cord blood gas base deficit, herein referred to as base
deficit (BD), being above or below a pre-determined level.
In a specific implementation, the group of classes includes
the four classes described above.

[0031] In accordance with a specific implementation, the
neural network assigns likelihood values to each class in the
group of classes, at least in part on the basis of the signal
indicative of a fetal heart rate. The neural network includes
a plurality of inputs and a set of outputs, the outputs
corresponding to respective classes in the group of classes.
The signal indicative of a fetal heart rate is processed to
derive a plurality of feature measures. The plurality of
feature measures is then provided to the plurality of inputs
of the neural network.

[0032] In accordance with another aspect, the invention
provides a neural network conditioned on the basis of the
above-described method.

[0033] Inaccordance with another broad aspect, the inven-
tion provides an apparatus suitable for monitoring the con-
dition of a fetus. The apparatus includes an input, a feature
extraction unit, a neural network module and an output. The
input is for receiving a signal indicative of a fetal heart rate.
The feature extraction unit processes the signal indicative of
the fetal heart rate to derive feature measures. The neural
network module processes the feature measures to derive
data indicative of a degree of risk of developing a permanent
neurological condition. The data indicative of the degree of
risk of developing a permanent neurological condition indi-
cates a likelihood that the condition of the fetus belongs to
a class in a group of classes, each class in the group of
classes being associated with a pre-defined fetal condition.
The output releases the data indicative of the degree of risk
of developing a permanent neurological condition.

[0034] 1In accordance with a specific implementation, the
feature extraction unit processes the fetal heart rate to
identify a plurality of feature events. The feature extraction
unit processes the plurality of feature events to generate a
plurality of feature measures. The plurality of feature mea-
sures is then summarised to generate a compact represen-
tation of feature measures. The compact representation of
feature measures is then release by the feature extraction
unit for processing by the neural network module.

[0035] In a non-limiting implementation, the plurality of
feature events includes at least some events selected from
the set consisting of baseline, acceleration, deceleration and
contraction events.

[0036] These and other aspects and features of the present
invention will now become apparent to those of ordinary
skill in the art upon review of the following description of
specific embodiments of the invention in conjunction with
the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0037]

[0038] FIG. 1 shows a high level block diagram of a fetal
monitoring system in accordance with a specific example of
implementation of the present invention;

In the accompanying drawings:
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[0039] FIGS. 24, 2b, 2¢ and 2d show alternative specific
examples of the output of the fetal monitoring system shown
in FIG. 1;

[0040] FIG. 3 shows a block diagram of a processing unit
operative to derive a degree of risk of developing a perma-
nent neurological condition in accordance with a specific
example of implementation of the present invention,

[0041] FIG. 4 shows a high level conceptual block dia-
gram of a neural network implemented by the processing
unit depicted in FIG. 3 in accordance with a non-limiting
example of implementation of the invention;

[0042] FIG. 5 is a block diagram of a feature extraction
unit implemented by the processing unit depicted in FIG. 3
in accordance with a non-limiting example of implementa-
tion of the invention;

[0043] FIG. 6 is a flow diagram of a process for gener-
ating a trained neural network of the type depicted in FIG.
4 in accordance with a non-limiting example of implemen-
tation of the invention;

[0044] FIG. 7 is a block diagram depicted the classifica-
tion scheme of a fetal condition on the basis of the presence/
absence of neonatal encephalopathy and the base deficit
level in accordance with a non-limiting example of imple-
mentation of the invention,

[0045] FIG. 8 shows a portion of a simplified fetal heart
rate signal with labelled feature events in accordance with a
non-limiting example of implementation of the invention;

[0046] FIGS. 94, 9b, 9c and 94 are graphs showing feature
measures generated by the feature extraction unit in accor-
dance with a non-limiting example of implementation of the
present invention,

[0047] FIG. 10 is a block diagram of an apparatus for
monitoring the condition of a fetus in accordance with a
specific example of implementation of the present invention;

[0048] FIGS. 11a, 115, 11c and 11d are graphs showing
weighting windows for use in the decimation of sets of
feature measures in accordance with non-limiting examples
of implementation of the present invention.

[0049] Other aspects and features of the present invention
will become apparent to those ordinarily skilled in the art
upon review of the following description of specific embodi-
ments of the invention in conjunction with the accompany-
ing figures.

DETAILED DESCRIPTION

[0050] With reference to FIG. 1, there is shown a con-
figuration of a fetal monitoring system comprising a fetal
heart rate sensor 110, an apparatus suitable for monitoring
the condition of a fetus 100 and an output unit 114.

[0051] The fetal heart rate sensor 110 is for detecting a
fetal heart rate of a fetus in-utero, also referred to as a fetus
in the womb. The fetal heart rate sensor 110 samples the fetal
heart rate at a certain predetermined frequency to generate
the signal indicative of the fetal heart rate. Fetal heart rate
sensors are well known in the art to which this invention
pertains and any suitable sensor for detecting a fetal heart
rate may be used without detracting from the spirit of the
invention and as such will not be described further here.
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[0052] 1In a non-limiting implementation, the fetal moni-
toring system includes a sensor (not shown) for monitoring
uterine activity (TOCO). The sensor samples the contraction
pattern at a certain pre-determined frequency to generate the
signal indicative of uterine activity. Sensors for monitoring
uterine activity are well known in the art to which this
invention pertains and any suitable sensor may be used
without detracting from the spirit of the invention and as
such will not be described further here.

[0053] The signal indicative of the fetal heart rate and the
signal indicative of uterine activity may be processed jointly
or separately by processing unit 100 to derive data indicative
of a degree of risk of developing a permanent neurological
condition. For the purpose of simplicity and conciseness, the
processing of the signal indicative of the fetal heart rate by
apparatus 100 is described in detail herein below. It will be
readily appreciated that similar processing may be applied to
the signal indicative of uterine activity without detracting
from the spirit of the invention.

[0054] The apparatus suitable for monitoring the condition
of a fetus 100 includes an input 102, a processing unit 106
and an output 108. The input 102 receives the signal
indicative of the fetal heart rate from the fetal heart rate
sensor 110. The processing unit 106 processes the signal
received at input 102 to derive data indicative of a degree of
risk of developing a permanent neurological condition.
More specifically, the processing 106 unit derives a likeli-
hood that the condition of the fetus belongs to a class in a
group of classes, each class in the group of classes being
associated with a pre-defined fetal condition. The likelihood
may be in the form of a probability value, a ranking or any
other value that allows ordering the classes on the basis of
the confidence level that the condition of the fetus belong to
the class.

[0055] 1In accordance with a specific implementation, each
class in the group of classes is characterised by the presence
or absence of new-born encephalopathy and according to the
arterial cord blood gas base deficit, herein referred to as base
deficit (BD), being above or below a pre-determined level.
The pre-determined level of base deficit is selected such that
infants having a base deficit level above the pre-determined
level are associated to a higher degree of risk of developing
cerebral palsy than children below the pre-determine level.
In a non-limiting specific implementation, the pre-deter-
mined level of base deficit measurement is about 12 mmol/
L. Alternatively, the predetermined level of base deficit may
be different for a fetal condition characterised by the pres-
ence of new-born encephalopathy and a foetal condition
characterised by the absence of new-born encephalopathy.
In a non-limiting specific implementation, the pre-deter-
mined level of base deficit measurement is about 12 mmol/L
when the foetal condition is characterised by the presence of
new-born encephalopathy and 8 mmol/LL when the foetal
condition is characterised by the absence of new-born
encephalopathy. It will be appreciated that other suitable
pre-determined levels of base deficit may be used without
detracting from the spirit of the invention.

[0056] Generally speaking, neonatal encephalopathy is a
collection of neurologic signs typically including hypotonia,
hypertonia, respiratory or feeding difficulty of central origin,
seizures, coma. According to the American College of
Obstetrics and Gynecology and the Society of Obstetricians

Oct. 2, 2003

and Gynecologists of Canada SOGC clinical guidelines, the
characteristics of the newborn response to asphyxia of such
a degree as to be likely to cause permanent harm include
neonatal encephalopathy. The measure of base deficit is
typically measured in the arterial blood of the umbilical
cord. This is a measure of metabolic acidosis and is con-
sidered to be a direct consequence of fetal tissue oxygen
deprivation. The level of base deficit measurement indicates
whether the baby was exposed to substantial oxygen depri-
vation. Increasing degrees of metabolic acidosis with arterial
cord base deficit levels over 12 mmol/L are highly correlated
with neurological deficits later in their lives. For additional
information regarding the above, the reader is invited to
consult Low J. A., The role of blood gas and acid-base
assessment in the diagnosis of intrapartum fetal asphyxia,
Am J Obstet Genecol, 1988; 159:1234-40 and Low J. A. et
al., Motor and cognitive deficits after intrapartum asphyxia
in the mature fetus, Am J Obstet Gynecol. February 1988;
158(2):356-61. The content of the above documents is
hereby incorporated by reference.

[0057] Advantageously, by providing a classification of
the condition of the fetus according to the measure of base
deficit and the presence or absence of neonatal encephal-
opathy, a useful indication of the degree of risk of devel-
oping a permanent neurological condition related to hypoxic
injury can be obtained.

[0058] 1In a specific implementation, the group of classes
includes four classes namely:

[0059] a first class, herein referred to as Class A,
associated to a pre-determined fetal condition indica-
tive of the presence of new-born encephalopathy and
a base deficit measurement above a pre-determined
level;

[0060] a second class, herein referred to as Class B,
associated to a pre-determined fetal condition indica-
tive of the presence of new-born encephalopathy and
a base deficit measurement below a pre-determined
level;

[0061] a third class, herein referred to as Class C,
associated to a pre-determined fetal condition indica-
tive of the absence of new-born encephalopathy and
a base deficit measurement above a pre-determined
level; and

[0062] a fourth class, herein referred to as Class D,
associated to a pre-determined fetal condition indica-
tive of the absence of new-born encephalopathy and
a base deficit measurement below a pre-determined
level.

[0063] When the baby is a fetus in-utero, the base deficit
and the presence or absence of newborn encephalopathy
cannot be directly assessed. The processing unit 106 makes
use of the fetal heart rate signal received from the fetal heart
rate sensor 110 to classify the condition of the fetus accord-
ing to the above described classes.

[0064] Advantageously, the above described classification
provides intermediate risk classes where it is likely that
intervention would prevent the baby from deteriorating into
the category associated with a high likelihood of develop-
ment of cerebral palsy. For example, a high likelihood of the
condition of the fetus being classified in class A indicates to
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the physician or other health care professional that the fetus
is in a high risk category for developing cerebral palsy.
Alternatively, a high likelihood of the condition of the fetus
being classified in classes B or C indicates to the physician
or other health care professional that the condition fetus is in
an intermediate risk category for developing cerebral palsy
and that intervention may prevent the fetus from deteriorat-
ing in to a class having a greater risk for developing cerebral
palsy such as class A. Finally, a high likelihood of the
condition of the fetus being classified in class D indicates to
the physician or other health care professional that the
condition fetus is in a low risk category for developing
cerebral palsy and the intervention on this basis may not be
necessary.

[0065] The processing unit 106 releases at its output 108
data indicative of the degree of risk of developing a perma-
nent neurological condition. In a first non-limiting example,
the data is in the form of confidence levels associated to the
respective classes in the group of classes indicating the
likelihood of the condition of the fetus belonging to each
class. In a second non-limiting example, the data includes an
identifier associated to the class to which the condition of the
fetus is most likely to belong.

[0066] The output unit 114 receives the data indicative of
the degree of risk of developing a permanent neurological
condition generated by the processing unit 106 and provides
it to the physician or other health care professional in a
visual and/or audio format. The output unit 114 may be in
the form of a display screen, a paper print out or any other
suitable device for conveying to the physician or other
health care professional the data indicative of the degree of
risk of developing a permanent neurological condition. In a
first non-limiting implementation, as shown in FIG. 24, the
output unit 114 provides each class and its associated
likelihood to the physician or other health care professional.
In a second non-limiting example, as shown in FIG. 2b, the
output unit 114 provides the class to which the condition of
the fetus is most likely to belong and optionally associated
likelihood to the physician or other health care professional.
In a third non-limiting example, as shown in FIG. 2¢, the
output unit 114 provides a description of the condition of the
fetus derived on the basis of the class the fetus is most likely
to belong. The output unit 114 may provide the physician or
other health care professional with data indicative of the
degree of risk of developing a permanent neurological
condition in a plurality of other suitable fashions, which will
be readily apparent to the person skilled in the art in light of
this description.

[0067] As shown in FIG. 2d, the output unit 114 may also
display fetal heart rate patterns and other information in
addition to the data indicative of the degree of risk of
developing a permanent neurological condition.

[0068] The manner in which the processing unit 106
processes the fetal heart rate signal to classify the condition
of the fetus in-utero is described in greater detail herein
below.

[0069]

[0070] The processing unit 106 (shown in FIG. 1) imple-
ments an expert system to derive the degree of risk of
developing a permanent neurological condition associated to
the fetus. The expert system implemented by the processing
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unit 106 may be rule-based where the association of fetal
heart rate and a class are expressed mathematically or
through a logical/algorithmic association. Alternatively,
trained artificial neural networks can be used to characterise
the associations between fetal heart rate patterns and the
classes described above. Advantageously, the use of a neural
network allows modelling complex interrelated non-linear
relationships between the fetal heart rate patterns and the
above-described classes. In yet another alternative, the pro-
cessing unit 106 makes use of a combination of an artificial
neural network and a rule-based expert system.

[0071] As shown in FIG. 3, the processing unit 106
includes a feature extraction unit 300 and a trained artificial
neural network module 302,

[0072] The feature extraction unit 300 processes the signal
indicative of a fetal heart rate received at input 102 over a
certain period of time to derive a plurality of feature mea-
sures characterising the signal indicative of the fetal heart
rate.

[0073] The trained artificial neural network module 302
includes a plurality of inputs and a set of outputs, where the
outputs correspond to respective classes in the group of
classes. The neural network module 302 is adapted to
process the plurality of feature measures received at its
inputs to release at each of the outputs a likelihood value
associated to a respective class.

[0074] The feature extraction unit 300 and the neural
network module 302 are described in greater detail herein
below.

[0075]

[0076] The feature extraction unit 300 processes the fetal
heart rate signal over a certain period of time to generate a
plurality of feature measures. The certain period of time may
have any suitable duration. In a specific non-limiting
example, the certain period of time is in excess of 1 hour. In
another specific non-limiting example, the certain period of
time 1s in excess of 2 hours. In another specific non-limiting
example, the certain period of time is in excess of 3 hours.
In yet another specific non-limiting example, the certain
period of time is in excess of 4 hours. The time period used
by the feature extraction unit has the same duration as the
fetal heart rate signal on which the neural network was
trained. Where the fetal heart rate signal, which is being
processed, has a duration that is different from the duration
of the signal on which the neural network was trained,
extrapolation/truncation and compression methods may be
used to expand or shorten the duration of the fetal heart rate
signal. The feature extraction unit 300 releases the plurality
of feature measures and provides them to the artificial
trained neural network module 302.

[0077] The feature extraction unit 300 is shown in greater
detail in FIG. 5 and includes three functional modules
namely a feature detection module 500, a feature measure-
ment module 502 and a feature summary module 504.

[0078] The feature detection module 500 processes the
fetal heart rate signal and performs a time-domain segmen-
tation of the fetal heart rate signal to locate feature events of
interest. In a non-limiting example of implementation, the
feature detection module 500 detects features events includ-
ing without being limited to baseline, deceleration, accel-

Feature Extraction Unit 300
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eration and contraction feature events. Any suitable method
for detecting baseline, deceleration, acceleration and con-
traction events may be used here without detracting from the
spirit of the invention. For additional information, the reader
is invited to refer to Mantel R, Van Geijn H P, Caron FJ M,
Swartjes J M, Van Woerden E E, Jongsma H W: Computer
analysis of antepartum fetal heart rate: 1. baseline determi-
nation. 2. detection of accelerations and decelerations. Int J
Biomed Comput 25, 261 (1990). The content of the above
document is hereby incorporated by reference. A simplified
representation of a portion of a fetal heart rate signal where
the baseline, deceleration, acceleration events are labelled is
shown in FIG. 8. FIG. 8 shows a portion 800 of a fetal heart
signal having a duration of about 3-minutes. The portion 800
has been segmented by the feature detection module 500
such as to indicate a deceleration feature event 802, a
baseline feature event 806 and an acceleration feature event
804. For each feature event, a determination of its temporal
location within the fetal heart rate signal, namely the begin-
ning and ending time of the feature event, is made. Although
FIG. 8 shows the time-domain segmentation performed by
the feature detection module 500 for a 3-minute segment, the
above process is performed for the entire fetal heart rate
signal being processed. The feature detection module 500
releases a list of feature events with their beginning and
ending times.

[0079] The feature measurement module 502 receives the
list of feature events with their beginning and ending times
from the feature detection module 500. For each feature
event, measures are generated describing characteristics of
the feature event. In a non-limiting specific implementation,
for a baseline feature event, feature measures describing the
mean, frequency, length, variability and sinusoidal pattern of
the baseline feature event are calculated. For a deceleration
or acceleration feature event, feature measures describing
the mean, frequency, length, variability and area of the
deceleration or acceleration feature event are calculated. For
a contraction feature event, feature measures describing the
frequency and deceleration recovery time of the contraction
feature event are calculated. The time sequence of certain
feature events with respect to other feature events, which can
be of clinical significance (e.g. deceleration recovery time
following contraction), may be included in the feature
measures. The table below illustrates a non-limiting
example of various feature measures used for certain feature
events. It will be readily apparent to the person skilled in the
art that other feature measures may be used in addition to the
feature measures identified below and certain feature mea-
sure may be omitted without detracting from the spirit of the
invention.

TABLE 1

Example of feature measures

Baseline Deceleration  Acceleration ~ Contraction

Mean Mean Mean Deceleration
recovery time

Frequency Frequency Frequency Frequency

Length Length Length

Variability Variability Variability

Sinusoidal pattern  Area Area
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[0080] The computation of the various feature measures
may be effected using any suitable technique. Such tech-
niques are well known in the art of signal processing and as
such will not be described further here. Generally, where the
fetal heart rate signal is processed over a long period of time,
several thousands of features measures are obtained.

[0081] The feature measurement module 502 releases a
plurality of sets of feature measures, each set of feature
measures includes feature measures describing a given char-
acteristic of a feature event. For example, a first set of
feature measures will include all the features measures for
the mean values of baseline feature events. A second set of
feature measures will include all the features measures for
the frequency values of baseline feature events. A third set
of feature measures will include all the features measures for
the mean values of acceleration feature events and so on.
Generally speaking, the sets of feature measures characterise
feature events that are irregularly spaced in time. FIG. 9a
shows in simplified form the set of feature measures for the
baseline mean values over a 4-hour time period. As shown,
the fourteen feature measures labelled M, to M, are irregu-
larly spaced in the time domain.

[0082] The feature summary module 504 receives the sets
of feature measures from the feature measurement module
502. For each set of feature measure, the feature summary
module 504 processes the feature measures in the set to
obtained a set of feature measures which is compact and
regularly spaced in the time domain.

[0083] In a non-limiting example, this process is effected
in two steps. The first step involves interpolating the feature
measures in each set onto a sampling grid to generate a
plurality of feature measures where the sampling grid has a
certain frequency. Any suitable type of interpolation may be
used including linear, spline or cubic interpolation. In a
specific non-limiting implementation, the sampling grid has
a frequency equal to the frequency of the fetal heart rate
signal. FIG. 9b shows in simplified form the set of feature
measures for the baseline mean over a 4-hour time period
interpolated at the frequency of the fetal heart rate signal.
The signal depicted is labelled byyrrg and forms the inter-
polated set of feature measures for the mean values of
baseline feature events.

[0084] Optionally, following the interpolation of the fea-
ture measures and in order to reduce the amount of data to
be processed by the neural network module 302 (shown in
FIG. 3), the interpolated set of feature measures byyrgg 1S
decimated at a desired sampling rate by a low-pass filter to
generate a compact representation of the set of feature
measures. The desired sampling rate may be different for
cach set of feature measures. For example, feature measures
that change more rapidly can be given a time resolution that
adequately describes them. For example, the features mea-
sures for the variability values of baseline feature events
may be sampled to get a value at each 60 minute interval
while the features measures for the mean values of baseline
feature events may be sampled to get a value at each 15
minute interval. FIG. 9¢ shows in simplified form the set of
feature measures for the baseline mean over a 4-hour time
period decimated to obtain a sample at every hour. As
shown, the baseline feature measures for the mean are
summarised as four feature measures labelled B, ;, B,
B_ and B, respectively in FIG. 9c. Feature measures
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labelled B_,1, B, B,,5 and B, form a compact represen-
tation of the set of feature measures for the mean values of
baseline feature events for the four-hour time period.

[0085] Many decimation techniques for reducing the num-
ber of feature measures in the interpolated set of feature
measures byrpr May be used here for reducing the number
of feature measures without detracting from the spirit of the
invention. In a non-limiting implementation, a weighted
average of the feature measures in the interpolated set of
feature measures byyrgg 1S used to obtain the feature mea-
sure value sampled at the decimated frequency. FIG. 94
illustrated a set of weighting windows applied to the inter-
polated signal bprer shown in FIG. 95 to obtain the
samples of FIG. 9c. In FIG. 94, the weighting windows are
labelled w[1], w[2], w[3] and w[4] and are associated to
samples B_,, B_,, B, and B_, respectively. Each weight-
ing windows w[K] is selected such as to weigh more heavily
feature measures in the interpolated set of feature measures
bnrer Occurring closer to sample B, and to weigh less
heavily feature measures in the interpolated set of feature
measures byyreg Occurring further sample B, . Mathemati-

cally, the computation of samples B, ;, B,,, B,.5 and B,
can be expressed as follows:
1 Nl Equation 1
By = WZW[”" #bynregli]

i=0

-1
B2 = W ; w(2]; = bvrerli]

-1
By = N Z w[3]; * bivrer[i]

i=2N

N1
By = W Z w(4]; = bvrerli]

i=3N

[0086] where N is the number of features measures at the
interpolated frequency between the desired samples of the
compact representation; w[Kk] is the weighting window asso-
ciated to sample B_,; and byrex[k] is the kth feature
measure the set of feature measures bprgg-

[0087] In an alternative form, let be signal byppg(n)
include M samples (in the example shown in the figures
M=4N). For the purpose of simplicity, we set byyrpr(n) to
zero outside the area of interest. Mathematically, this can be
expressed as follows:

bryrer()=brEr(n) for O<n<M
bryrer()=0 for n<0 and n>M

[0088] Let v(n) be the output of a low-pass decimation
filter (or “weighting function”) w(n) where:

vn) = }]bmanhWH—kL O<n<M

k=0

[0089] In afirst non-limiting implementation, the compact
representation of the set of feature measures is a regularly
sampled signal (e.g. samples once per hour). The output
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signal is downsampled by a factor D. The output is every D'
sample of v(n) and can be expressed as follows:

M
y(m) =v(mD), 0 <m < P, where P= )

= ), bwmr(bwmD -k)

k=—c0

[0090] where y(m) is the mth output sample of the com-
pact representation of the set of feature measures.

[0091] A non-limiting example of the signal v(m) is shown
in FIG. 11b). The weighting function w(n), shown in FIG.
11a), is defined as:

[0092] where W(n) is a raised cosine of limited extent:

Lo L
win) = +cos[ Do

=0, Inl> D

[0093] and the denominator of w(n) is a normalizing
factor.
[0094] Alternatively, the compact representation of the set

of feature measures is a signal sampled with irregularly
spaced samples. Advantageously, sampling with irregular
intervals allows higher sampling during time intervals con-
sidered most information-critical (e.g. the last hour of
labour) than during intervals considered to be less informa-
tion-critical.

[0095] In a non-limiting implementation, a local weight-
ing function w_(n), of the type shown in FIG. 1lc¢), is
applied at each sample of byxrer. For example, if the sample
spacing before and after sample m are D_,_; and D, respec-
tively, the weighting function before normalization can be
expressed as follows:

Wwn(n) =0, n< =Dy
(n-Dn
:1-%—(:05[[)’"71_1 , =Dy 2n<0
n-lm
=1+cos , 0=znzD,
-1
m
=0, n> Dy,
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[0096] The output of the low-pass decimating filter, an
example of which is shown in FIG. 114), can be expressed
in a mathematical format as follows:

v(n) = Z bintErk)W(n = k), 0sn<M

k=—oc0

[0097]

and the downsampled output signal is:

ym) = vli(m)]

O<m<P

NgE

biyrer(k)wp(ilm) = k),
‘

—co

[0098] where i(m) is the set of P indices into v(n) of the
irregularly spaced sample points.

[0099] Tt will be appreciated that other methods for deci-
mating signal byrer may be used without detracting from
the spirit of the invention.

[0100] For each set of feature measures, the above
describe process of interpolation and decimation is effected
by the feature summary module 504. The feature summary
module 504 releases for each set of feature measures, the
compact representation of the set of feature measures for
processing by the neural network module 302 (shown in
FIG. 3). Advantageously, by interpolating and decimating
each set of feature measures, the feature summary module
502 presents feature measures to the neural network in a
compact but representative fashion.

[0101] Artificial Trained Neural Network 302

[0102] A functional representation of the trained neural
network module 302 is shown in FIG. 4 of drawings. As
depicted, the trained neural network 302 includes an input
unit 400, a processing core 402 and a set of outputs
404406408410. The input unit 400 includes a plurality of
inputs for receiving respective feature measures received
from the feature extraction unit 300 (shown in FIG. 3).

[0103] Each output in the set of outputs 404406408410 is
associated to a respective class in the group of classes
described above. In the non-limiting representation depicted
in FIG. 4, output 404 is associated to class A, output 406 is
associated to class B, output 408 is associated to class C and
output 410 is associated to class D. The processing core 402
processes the feature measures received at the input unit 400
to release at each output data indicative of a likelihood that
the condition of the fetus belongs to a respective class. In the
non-limiting specific implementation, the neural network
module 302 includes a multilayer perceptron (MLP) net-
work trained by back propagation. The training of the
artificial neural network is described herein below.

[0104] The Training Process for the Artificial Neural Net-
work
[0105] Generally speaking, a neural network is a math-

ematical process capable of performing a large number of
“experiments” based on observations to determine or “learn”
the best way of mathematically representing the association
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between a given set of observations and an outcome. The
neural network determines this association by processing a
“training set” of data where it is given observations associ-
ated to respective actual outcomes in a set of pre-defined
outcomes. The neural network is conditioned such that when
the given observations are applied to its inputs, the corre-
sponding actual outcome is released at the outputs. Condi-
tioning a neural network in the basis of observations asso-
ciated to respective actual pre-defined outcomes is known in
the art and as such will not be described in further detail
here. Once the neural network has been conditioned on the
basis of the training set, when new observations are applied
to the inputs of the neural network, likelihood values are
released associated to the outcomes in the set of pre-defined
outcomes indicating likelihood values that the new obser-
vations are associated to each pre-defined outcome. In this
specific implementation, the observations are derived from
fetal heart rate signals and are the feature measures and the
set of pre-defined outcomes are the four classes (Class A;
Class B; Class C and Class D) determined in the basis of the
base deficit level and the presence or absence of neonatal
encephalopathy.

[0106] The training of the artificial neural network 302 is
described herein below with reference to FIG. 6 of the
drawings. The training process can be divided into three
distinct steps namely training set generation 600, feature
extraction 602 and conditioning of the neural network 604.

[0107] In the training set generation step 600, a pool of
baby health profiles including a plurality of entries is pro-
cessed. Each entry in the pool corresponds to a respective
baby and describes a health profile associated to the baby
including a fetal heart rate signal, a base deficit measure and
data indicating the presence/absence of neonatal encephal-
opathy.

[0108] Typically, the base deficit is measured in a newborn
blood sample, which usually taken from the umbilical cord
just after the cord is cut. This is a measure of metabolic
acidosis and is considered to be a consequence of fetal tissue
oxygen deprivation. The base deficit measures the total
concentration of blood buffer base in units of equivalents/L.
The presence/absence of neonatal encephalopathy is a clini-
cal assessment based on the presence of certain criteria well
known in the field of obstetrics and as such will not be
described in further detail here. For additional information
on this topic, the reader is invited to refer to Samat, H B. &
Sarnat, M S. Neonatal encephalopathy following fetal dis-
tress. Arch Neurol 1976; 33: 696-705 and Badawi, N.,
Kurinczuk, JJ., Keogh, J M., Alessandri, L. M., O’Sullivan,
F., & Burton, P R. Antepartum risk factors for newborn
encephalopathy: the Western Australian case-control study.
BMIJ 1998; 317: 15491553. The content of the above docu-
ments is hereby incorporated by reference.

[0109] The presence of presence/absence of neonatal
encephalopathy and the base deficit in each entry are used to
classify the baby’s condition into one of four classes. The
classification scheme is shown in FIG. 7 of the drawings.
Each entry in the pool of baby health profiles 700 is first
classified into one of two groups where a first group 702
includes babies exhibiting neonatal encephalopathy and the
second group 704 includes babies exhibiting an absence of
neonatal encephalopathy 704. Following this, the entries in
each group 702704 are further divided into two groups



US 2003/0187364 Al

wherein first groups 706710 include babies exhibiting base
deficit levels above a predetermined threshold and the
second groups 708718 including babies exhibiting base
deficit levels below a predetermined threshold. It will
readily be appreciated that the order of classification may be
reversed without detracting from the spirit of the invention
such that each entry in the pool of baby health profiles 700
is first classified on the basis of the base deficit level and then
classified on the basis of the presence or absence of neonatal
encephalopathy. The entries in group 706 are associated to
class A, the entries in group 708 are associated to class B, the
entries in group 710 are associated to class C and the entries
in group 712 are associated to class D.

[0110] For each entry in the pool of baby health profiles
700, a record is generated including a first member indica-
tive of a fetal heart rate signal and a second member
indicative of the class assigned by the above described
processed. Preferably, several entries in the pool of baby
health profiles are associated to each of the classes such as
to provide a suitable representation and observation set for
the training of the artificial neural network. Generally, the
fetal heart rate signals in the records have the same time
duration. Extrapolation methods may be used to extend/
shorter the length of a fetal heart rate signal where the signal
does not have the desired time duration. The plurality of
records generated in the above described manner forms the
training set for the artificial neural network where the
observations are derived from the fetal heart rate signal and
the pre-defined outcomes are the assigned classes.

[0111] In the feature extraction step 602, for each record in
the training set, the fetal heart rate signal is processed to
derive a plurality of feature measures. In a non-limiting
implementation, a feature extraction unit of the type
described in connection with unit 300 (shown in FIG. 5 of
the drawings) is used to generate a plurality of feature
measures. The same feature measures used in the training of
the neural network will be used when the neural network is
used in the apparatus for monitoring the condition of a fetus
100.

[0112] In the conditioning of the neural network step 604,
for each record in the training set, the plurality of feature
measures are provided to respective inputs of the neural
network. A simplified representation of the neural network is
shown in FIG. 4. The input unit 400 of the network receives
the feature measures. Each output in the set of outputs
404406408410 is associated to a respective class. In non-
limiting implementation, the neural network is a multilayer
perceptron (MLP) network trained by backpropagation. For
each record in the training set, the feature measures are
presented to the input unit 400 of the network, the resulting
outputs released by the set of outputs 404406408410 are
compared to the class in the record, and an error signal is
generated. Using a standard backpropagation algorithm, this
error is used to update the weights of the neural network
such as to cause the output to reflect the class in the record.
The training of a neural network in well known in the art an
will not be described in further detail here.

[0113]

[0114] Those skilled in the art should appreciate that in
some embodiments of the invention, all or part of the
functionality previously described herein with respect to the
apparatus for monitoring the condition of a fetus may be
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implemented as pre-programmed hardware or firmware ele-
ments (e.g., application specific integrated circuits (ASICs),
electrically erasable programmable read-only memories
(EEPROMs), etc.), or other related components.

[0115] In other embodiments of the invention, all or part
of the functionality previously described herein with respect
to the apparatus for monitoring the condition of a fetus may
be implemented as software consisting of a series of instruc-
tions for execution by a computing unit. The series of
instructions could be stored on a medium which is fixed,
tangible and readable directly by the computing unit, (e.g.,
removable diskette, CD-ROM, ROM, PROM, EPROM or
fixed disk), or the instructions could be stored remotely but
transmittable to the computing unit via a modem or other
interface device (e.g., a communications adapter) connected
to a network over a transmission medium. The transmission
medium may be either a tangible medium (e.g., optical or
analog communications lines) or a medium implemented
using wireless techniques (e.g., microwave, infrared or other
transmission schemes).

[0116] The computing unit implementing the apparatus for
monitoring the condition of a fetus may be configured as a
computing unit of the type depicted in FIG. 10, including a
processing unit 1002 and a memory 1002 connected by a
communication bus 1008. The memory includes data 1010
and program instructions 1006. The processing unit 1002 is
adapted to process the data 1010 and the program instruc-
tions 1006 in order to implement the functional blocks
described in the specification and depicted in the drawings.
In a non-limiting implementation, the program instructions
1006 implement the functionality of processing unit 106
described above. The computing unit 1002 may also com-
prise a number of interfaces 10121016 for receiving or
sending data elements to external devices. For example,
interface 1012 may be used for receiving data streams
indicative of a fetal heart rate signal and interface 1012 may
be for releasing a signal causing a display unit to display of
the results of the method implemented by program instruc-
tions 1006. An interface for receiving a signal indicative of
uterine activity (not shown) may also be provided.

[0117] Those skilled in the art should further appreciate
that the program instructions 1006 may be written in a
number of programming languages for use with many
computer architectures or operating systems. For example,
some embodiments may be implemented in a procedural
programming language (e.g., “C”) or an object oriented
programming language (e.g., “C++”, or “JAVA”).

[0118] It will be appreciated that the system for monitor-
ing the condition of a fetus may be of a distributed nature
where the fetal heart rate signal is collected at one location
by a fetal heart rate sense and transmitted to a computing
unit implementing the apparatus 100 over a network. The
network may be any suitable network including but not
limited to a global public network such as the Intranet, a
private network and a wireless network. In addition, the
computing unit implementing the apparatus 100 may be
adapted to process multiple fetal heart rates originating from
multiple fetuses concurrently using suitable methods known
in the computer related arts.

[0119] Although the present invention has been described
in considerable detail with reference to certain preferred
embodiments thereof, variations and refinements are pos-
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sible without departing from the spirit of the invention.
Therefore, the scope of the invention should be limited only
by the appended claims and their equivalents.

1. An apparatus suitable for monitoring the condition of a
fetus, said apparatus comprising:

a) an input for receiving a signal indicative of a fetal heart
rate;

b) a processing unit coupled to said input, said processing
unit being operative for processing said signal indica-
tive of the fetal heart rate to derive data indicative of a
degree of risk of developing a permanent neurological
condition, the data indicative of the degree of risk of
developing a permanent neurological condition indi-
cating a likelihood that the condition of the fetus
belongs to a class in a group of classes, each class in the
group of classes being associated with a pre-defined
fetal condition;

¢) an output for releasing the data indicative of the degree
of risk of developing a permanent neurological condi-
tion.

2. An apparatus as defined in claim 1, wherein said input
is a first input, said apparatus comprising a second input for
receiving a signal indicative of uterine activity, said pro-
cessing unit being coupled to said first and second inputs and
being operative for processing said signal indicative of the
fetal heart rate and said signal indicative of uterine activity
to derive the data indicative of a degree of risk of developing
a permanent neurological condition.

3. An apparatus as defined in claim 1, wherein for each
class in the group of classes, the data indicates a likelihood
value that the condition of the fetus belongs to the corre-
sponding class.

4. An apparatus as defined in claim 1, wherein said group
of classes includes at least four classes comprising:

a) a first class and a second class associated to respective
pre-defined fetal conditions indicative of a presence of
new-born encephalopathy; and

b) a third class and a fourth class associated to respective
pre-defined fetal conditions indicative of an absence of
new-born encephalopathy.

5. An apparatus as defined in claim 4, wherein said first
class is associated to a pre-determined fetal condition indica-
tive of the presence of new-born encephalopathy and a
measure of base deficit above a pre-determined level.

6. An apparatus as defined in claim 4, wherein said second
class is associated to a pre-determined fetal condition indica-
tive of the presence of new-born encephalopathy and a
measure of base deficit below a pre-determined level.

7. An apparatus as defined in claim 4, wherein said third
class is associated to a pre-determined fetal condition indica-
tive of the absence of new-born encephalopathy and a base
deficit measurement above a pre-determined level.

8. An apparatus as defined in claim 4, wherein said fourth
class is associated to a pre-determined fetal condition indica-
tive of the absence of new-born encephalopathy and a base
deficit measurement below a pre-determined level.
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9. An apparatus as defined in claim 1, wherein said group
of classes includes at least four classes comprising:

a) a first class associated to a pre-determined fetal con-
dition indicative of the presence of new-born encepha-
lopathy and a base deficit measurement above a pre-
determined level;

b) a second class associated to a pre-determined fetal
condition indicative of the presence of new-born
encephalopathy and a base deficit measurement below
a pre-determined level,

c) a third class associated to a pre-determined fetal
condition indicative of the absence of new-born
encephalopathy and a base deficit measurement above
a pre-determined level,

d) a fourth class associated to a predetermined fetal
condition indicative of the absence of new-born
encephalopathy and a base deficit measurement below
a pre-determined level.

10. An apparatus as defined in claim 1, wherein said
processing unit includes a neural network.

11. An apparatus as defined in claim 10, wherein said
neural network includes a plurality of inputs and a set of
outputs, the outputs corresponding to respective classes in
the group of classes, said neural network being adapted to
release at each of said outputs a likelihood value associated
to a respective class in the group of classes.

12. An apparatus as defined in claim 11, wherein said
processing unit includes a pre-processing unit operative to:

a) process the signal indicative of a fetal heart rate to
derive a plurality of feature measures;

b) providing said plurality of feature measures to the
plurality of inputs of said neural network.

13. An apparatus as defined in claim 12, wherein said
signal indicative of a fetal heart rate include heart rate
information collected over a certain period of time.

14. An apparatus as defined in claim 13, wherein the
certain period of time is in excess of 1 hour.

15. An apparatus as defined in claim 13, wherein the
certain period of time is in excess of 2 hour.

16. An apparatus as defined in claim 13, wherein the
certain period of time is in excess of 3 hour.

17. An apparatus as defined in claim 13, wherein the
certain period of time is in excess of 4 hour.

18. A method suitable for monitoring the condition of a
fetus, said method comprising:

a) receiving a signal indicative of a fetal heart rate;

b) processing said signal indicative of the fetal heart rate
to derive data indicative of a degree of risk of devel-
oping a permanent neurological condition, the data
indicative of the degree of risk of developing a perma-
nent neurological condition indicating a likelihood that
the condition of the fetus belongs to a class in a group
of classes, each class in the group of classes being
associated with a pre-defined fetal condition;

¢) releasing the data indicative of the degree of risk of
developing a permanent neurological condition.
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19. A method as defined in claim 18, said method further
comprising;

a) receiving a signal indicative of uterine activity;

b) processing said signal indicative of the fetal heart rate
and said signal indicative of uterine activity to derive
the data indicative of a degree of risk of developing a
permanent neurological condition.

20. A method as defined in claim 17, wherein for each
class in the group of classes, the data indicates a likelihood
value that the condition of the fetus belongs to the corre-
sponding class.

21. A method as defined in claim 17, wherein said group
of classes includes at least four classes comprising:

a) a first class and a second class associated to respective
pre-defined fetal conditions indicative of the presence
of new-born encephalopathy; and

b) a third class and a fourth class associated to respective
pre-defined fetal conditions indicative of the absence of
new-born encephalopathy.

22. A method as defined in claim 21, wherein said first
class is associated to a pre-determined fetal condition indica-
tive of the presence of new-born encephalopathy and a
measure of base deficit above a pre-determined level.

23. Amethod as defined in ¢laim 21, wherein said second
class is associated to a pre-determined fetal condition indica-
tive of the presence of new-born encephalopathy and a
measure of base deficit below a predetermined level.

24. A method as defined in claim 21, wherein said third
class is associated to a pre-determined fetal condition indica-
tive of the absence of new-born encephalopathy and a base
deficit measurement above a pre-determined level.

25. Amethod as defined in claim 21, wherein said fourth
class is associated to a pre-determined fetal condition indica-
tive of the absence of new-born encephalopathy and a base
deficit measurement below a pre-determined level.

26. A method as defined in claim 17, wherein said group
of classes includes at least four classes comprising:

a) a first class associated to a pre-determined fetal con-
dition indicative of the presence of new-born encepha-
lopathy and a base deficit measurement above a pre-
determined level;

b) a second class associated to a pre-determined fetal
condition indicative of the presence of new-born
encephalopathy and a base deficit measurement below
a pre-determined level,

¢) a third class associated to a pre-determined fetal
condition indicative of the absence of new-born
encephalopathy and a base deficit measurement above
a pre-determined level,

d) a fourth class associated to a pre-determined fetal
condition indicative of the absence of new-born
encephalopathy and a base deficit measurement below
a pre-determined level.

27. Amethod as defined in claim 17, wherein said method
comprises processing said signal indicative of the fetal heart
rate using a neural network to derive data indicative of a
degree of risk of developing a permanent neurological
condition.

28. A method as defined in claim 27, wherein said neural
network includes a plurality of inputs and a set of outputs,
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the outputs corresponding to respective classes in the group
of classes, said neural network being adapted to release at
each of said outputs a likelihood value associated to a
respective class in the group of classes.

29. Amethod as defined in claim 28, wherein said method
comprises:

a) processing the signal indicative of a fetal heart rate to
derive a plurality of feature measures;

b) providing said plurality of feature measures to the

plurality of inputs of said neural network.

30. A method as defined in claim 29, wherein said signal
indicative of a fetal heart rate include heart rate information
collected over a certain period of time.

31. A method as defined in claim 30, wherein the certain
period of time is in excess of 1 hour.

32. A method as defined in claim 30, wherein the certain
period of time is in excess of 2 hour.

33. A method as defined in claim 30, wherein the certain
period of time is in excess of 3 hour.

34. A method as defined in claim 30, wherein the certain
period of time is in excess of 4 hour.

35. A computer readable storage medium including a
program element suitable for execution by a computing
apparatus for monitoring the condition of a fetus, said
computing apparatus comprising:

a) 2 memory unit;

b) a processor operatively connected to said memory unit,
said program element when executing on said proces-
sor being operative for:

1. receiving a signal indicative of a fetal heart rate;

il. processing said signal indicative of the fetal heart
rate to derive data indicative of a degree of risk of
developing a permanent neurological condition, the
data indicative of the degree of risk of developing a
permanent neurological condition indicating a like-
lihood that the condition of the fetus belongs to a
class in a group of classes, each class in the group of
classes being associated with a pre-defined fetal
condition;

iii. releasing the data indicative of the degree of risk of
developing a permanent neurological condition.
36. A computer readable storage medium as defined in
claim 35, wherein said program element when executing on
said processor being operative for:

a) receiving a signal indicative of uterine activity;

b) processing said signal indicative of the fetal heart rate
and said signal indicative of uterine activity to derive
the data indicative of a degree of risk of developing a
permanent neurological condition.

37. A computer readable storage medium as defined in
claim 35, wherein for each class in the group of classes, the
data indicates a likelihood value that the condition of the
fetus belongs to the corresponding class.

38. A computer readable storage medium as defined in
claim 35, wherein said group of classes includes at least four
classes comprising:

a) a first class and a second class associated to respective
pre-defined fetal conditions indicative of the presence
of new-born encephalopathy; and
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b) a third class and a fourth class associated to respective
pre-defined fetal conditions indicative of the absence of
new-born encephalopathy.

39. A computer readable storage medium as defined in
claim 38, wherein said first class is associated to a prede-
termined fetal condition indicative of the presence of new-
born encephalopathy and a measure of base deficit above a
pre-determined level.

40. A computer readable storage medium as defined in
claim 38, wherein said second class is associated to a
predetermined fetal condition indicative of the presence of
new-born encephalopathy and a measure of base deficit
below a pre-determined level.

41. A computer readable storage medium as defined in
claim 38, wherein said third class is associated to a pre-
determined fetal condition indicative of the absence of
new-born encephalopathy and a base deficit measurement
above a pre-determined level.

42. A computer readable storage medium as defined in
claim 38, wherein said fourth class is associated to a
predetermined fetal condition indicative of the absence of
new-born encephalopathy and a base deficit measurement
below a pre-determined level.

43. A computer readable storage medium as defined in
claim 35, wherein said group of classes includes at least four
classes comprising:

a) a first class associated to a pre-determined fetal con-
dition indicative of the presence of new-born encepha-
lopathy and a base deficit measurement above a pre-
determined level;

b) a second class associated to a pre-determined fetal
condition indicative of the presence of new-born
encephalopathy and a base deficit measurement below
a pre-determined level;

c¢) a third class associated to a pre-determined fetal
condition indicative of the absence of new-born
encephalopathy and a base deficit measurement above
a pre-determined level,

d) a fourth class associated to a pre-determined fetal
condition indicative of the absence of new-born
encephalopathy and a base deficit measurement below
a pre-determined level.

44. A computer readable storage medium as defined in
claim 35, wherein said program element when executing on
said processor being operative for implementing a neural
network, the neural network being adapted to derive data
indicative of a degree of risk of developing a permanent
neurological condition.

45. A computer readable storage medium as defined in
claim 44, wherein said neural network includes a plurality of
inputs and a set of outputs, the outputs corresponding to
respective classes in the group of classes, said neural net-
work being adapted to release at each of said outputs a
likelihood value associated to a respective class in the group
of classes.

46. A computer readable storage medium as defined in
claim 45, wherein said program element when executing on
said processor being operative for:

a) processing the signal indicative of a fetal heart rate to
derive a plurality of feature measures;
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b) providing said plurality of feature measures to the

plurality of inputs of said neural network.

47. A computer readable storage medium as defined in
claim 46, wherein said signal indicative of a fetal heart rate
include heart rate information collected over a certain period
of time.

48. A computer readable storage medium as defined in
claim 47, wherein the certain period of time is in excess of
1 hour.

49. A computer readable storage medium as defined in
claim 47, wherein the certain period of time is in excess of
2 hour.

50. A computer readable storage medium as defined in
claim 47, wherein the certain period of time is in excess of
3 hour.

51. A computer readable storage medium as defined in
claim 47, wherein the certain period of time is in excess of
4 hour.

52. A trained neural network comprising:

a) an input unit for receiving feature measures derived
from a signal indicative of a fetal heart rate of a fetus;
and

b) a set of outputs associated to respective classes in a
group of classes, each class in the group of classes
being associated with a pre-defined fetal condition;

¢) a processing core coupled to said input unit and to said
set of outputs, said processing core being operative to
release at each output data indicative of a likelihood
that the condition of the fetus belongs to a respective
class on the basis of the feature measures received at
said input unit.
53. A trained neural network comprising as defined in
claim 52, wherein said group of classes includes at least four
classes comprising:

a) a first class associated to a pre-determined fetal con-
dition indicative of the presence of new-born encepha-
lopathy and a base deficit measurement above a pre-
determined level,

b) a second class associated to a pre-determined fetal
condition indicative of the presence of new-born
encephalopathy and a base deficit measurement below
a pre-determined level,

¢) a third class associated to a pre-determined fetal
condition indicative of the absence of new-born
encephalopathy and a base deficit measurement above
a predetermined level;

d) a fourth class associated to a pre-determined fetal
condition indicative of the absence of new-bom
encephalopathy and a base deficit measurement below
a pre-determined level.

54. A computer readable storage medium including a
program element suitable for execution by a computing
apparatus for implementing a trained neural network, said
trained neural network comprising:

a) an input unit for receiving feature measures derived
from a signal indicative of a fetal heart rate of a fetus;

b) a set of outputs associated to respective classes in a
group of classes, each class in the group of classes
being associated with a pre-defined fetal condition;
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¢) a processing core coupled to said input unit and to said
set of outputs, said processing core being operative to
release at each output data indicative of a likelihood
that the condition of the fetus belongs to a respective
class on the basis of the feature measures received at
said input unit.
55. A computer readable storage medium as defined in
claim 54, wherein said group of classes includes at least four
classes comprising:

a) a first class associated to a pre-determined fetal con-
dition indicative of the presence of new-born encepha-
lopathy and a base deficit measurement above a pre-
determined level,

b) a second class associated to a pre-determined fetal
condition indicative of the presence of new-born
encephalopathy and a base deficit measurement below
a pre-determined level;

¢) a third class associated to a pre-determined fetal
condition indicative of the absence of new-born
encephalopathy and a base deficit measurement above
a pre-determined level,

d) a fourth class associated to a pre-determined fetal
condition indicative of the absence of new-born
encephalopathy and a base deficit measurement below
a pre-determined level.

56. A fetal monitoring system comprising:

a) a sensor for receiving a signal indicative of a fetal heart
rate;

b) an apparatus suitable for monitoring the condition of a
fetus, said apparatus comprising:

i. an input coupled to said sensor for receiving a signal
indicative of a fetal heart rate;

il. a processing unit coupled to said input, said pro-
cessing unit implementing a neural network opera-
tive for processing said signal indicative of the fetal
heart rate to derive data indicative of a degree of risk
of developing a permanent neurological condition,
the data indicative of the degree of risk of developing
a permanent neurological condition indicating a like-
lihood that the condition of the fetus belongs to a
class in a group of classes, each class in the group of
classes being associated with a pre-defined fetal
condition;

iii. an output for releasing the data indicative of the
degree of risk of developing a permanent neurologi-
cal condition;

¢) an output unit coupled to the output for said apparatus,
said output unit being suitable for displaying the data
indicative of the degree of risk of developing a perma-
nent neurological condition.
57. An apparatus suitable for monitoring the condition of
a fetus, said apparatus comprising:

a) means for receiving a signal indicative of a fetal heart
rate;

b) means for processing said signal indicative of the fetal
heart rate to derive data indicative of a degree of risk of
developing a permanent neurological condition, the
data indicative of the degree of risk of developing a
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permanent neurological condition indicating a likeli-
hood that the condition of the fetus belongs to a class
in a group of classes, each class in the group of classes
being associated with a pre-defined fetal condition;

¢) means for releasing the data indicative of the degree of
risk of developing a permanent neurological condition.

58. An method for training a neural network suitable for
monitoring the condition of a fetus, said method comprising:

a) receiving a plurality of records, each record compris-
ing:

i. a first entry indicative of a fetal heart rate signal;

ii. a second entry indicative of a class selected from a
group of classes, each class in said group of classes
being indicative of a pre-defined fetal condition;

b) conditioning the neural network on the basis of the first
and second entries of each record such as to enable the
neural network, upon reception of a signal indicative of
a fetal heart rate to derive a likelihood that the condition
of the fetus belongs to a class in the group of classes.

59. A method as defined in claim 58, wherein said group

of classes includes at least four classes comprising:

a) a first class associated to a pre-determined fetal con-
dition indicative of the presence of new-born encepha-
lopathy and a base deficit measurement above a pre-
determined level,

b) a second class associated to a pre-determined fetal
condition indicative of the presence of new-born
encephalopathy and a base deficit measurement below
a predetermined level;

¢) a third class associated to a pre-determined fetal
condition indicative of the absence of new-bom
encephalopathy and a base deficit measurement above
a pre-determined level;

d) a fourth class associated to a pre-determined fetal
condition indicative of the absence of new-born
encephalopathy and a base deficit measurement below
a pre-determined level.

60. A method as defined in claim 59, wherein said method
comprises conditioning the neural network on the basis of
said first and second entries of each record such as to enable
the neural network, upon reception of a signal indicative of
a fetal heart rate to assign likelihood values to each class in
the group of classes, at least in part on the basis of the signal
indicative of a fetal heart rate.

61. A method as defined in claim 60, wherein said neural
network includes a plurality of inputs and a set of outputs,
the outputs corresponding to respective classes in the group
of classes, said method comprising:

a) processing the signal indicative of a fetal heart rate to
derive a plurality of feature measures;

b) providing said plurality of feature measures to the
plurality of inputs of said neural network.
62. A neural network conditioned on the basis of the
method described in claim 58.
63. An apparatus suitable for monitoring the condition of
a fetus, said apparatus comprising:

a) an input for receiving a signal indicative of a fetal heart
rate;
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b) a feature extraction unit coupled to said input, said
feature extraction unit being operative for processing
the signal indicative of the fetal heart rate to derive
feature measures;

¢) a neural network module coupled to said feature
extraction unit, said neural network being operative to
process the feature measures to derive data indicative
of a degree of risk of developing a permanent neuro-
logical condition, the data indicative of the degree of
risk of developing a permanent neurological condition
indicating a likelihood that the condition of the fetus
belongs to a class in a group of classes, each class in the
group of classes being associated with a pre-defined
fetal condition;

d) an output for releasing the data indicative of the degree
of risk of developing a permanent neurological condi-
tion.

64. An apparatus as defined in claim 63, wherein said

feature extraction unit is operative for:

a) processing said fetal heart rate to identifying a plurality
of feature events;

b) generating a plurality of feature measures for the
plurality of feature events identified in a);

¢) summarising said plurality of feature measures to
generate a compact representation of feature measures;

d) providing the compact representation of feature mea-
sures to said neural network module.
65. An apparatus as defined in claim 64, wherein sum-
marising said plurality of feature measures to generate a
compact representation of feature measures includes:

a) processing the plurality of feature measures to generate
at least one interpolated feature measure signal;

b) decimating the interpolated feature measure signal such
as to generate the compact representation of feature
Measures.

66. An apparatus as defined in claim 65, wherein deci-
mating the interpolated feature measure signal is effected on
the basis of regular sampling intervals.

67. An apparatus as defined in claim 65, wherein deci-
mating the interpolated feature measure signal is effected on
the basis of irregular sampling intervals.

68. An apparatus as defined in claim 64, wherein the
plurality of feature events includes at least some events
selected from the set consisting of baseline, acceleration,
deceleration and contraction events.
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69. An apparatus as defined in claim 68, wherein subsets
of the plurality of feature measures are associated to respec-
tive feature events, at least one subset being associated to a
baseline feature event, said at least one subset including
feature measures selected from the set consisting of mean
value, frequency, length, variability and sinusoidal pattern.

70. An apparatus as defined in claim 68, wherein subsets
of the plurality of feature measures are associated to respec-
tive feature events, at least one subset being associated to an
acceleration feature event, said at least one subset including
feature measures selected from the set consisting of mean
value, frequency, length, variability and area.

71. An apparatus as defined in claim 68, wherein subsets
of the plurality of feature measures are associated to respec-
tive feature events, at least one subset being associated to a
contraction feature event, said at least one subset including
a feature measure selected from the set consisting of fre-
quency and deceleration recovery time.

72. An apparatus as defined in claim 64, wherein said
group of classes includes at least four classes comprising:

a) a first class associated to a pre-determined fetal con-
dition indicative of the presence of new-born encepha-
lopathy and a base deficit measurement above a pre-
determined level,

b) a second class associated to a pre-determined fetal
condition indicative of the presence of new-born
encephalopathy and a base deficit measurement below
a pre-determined level,

c¢) a third class associated to a pre-determined fetal
condition indicative of the absence of new-born
encephalopathy and a base deficit measurement above
a pre-determined level,

d) a fourth class associated to a pre-determined fetal
condition indicative of the absence of new-born
encephalopathy and a base deficit measurement below
a pre-determined level.

73. An apparatus as defined in claim 63, wherein said
neural network module includes a plurality of inputs and a
set of outputs, the outputs corresponding to respective
classes in the group of classes, said neural network module
being adapted to release at each of said outputs a likelihood
value associated to a respective class in the group of classes.

74. An apparatus as defined in claim 73, wherein the
compact representation of feature measures is provided to
the plurality of inputs of said neural network module.
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