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(57) ABSTRACT 

A fetal data processing system and method and a fetal 
monitor and method for monitoring the condition of a fetus 
are disclosed. A fetal heart rate time series is received and 
sampled. A non-linear time-frequency transformation is per 
formed to generate a time-frequency representation of the 
fetal heart rate time series for heart rate time series data 
spanning a time period Which is preferably less than ten 
seconds. Analysis of fetal heart rate and fetal heart rate 
variability and other available data is performed to evaluate 
fetal Well-being. Because of the high time resolution of the 
transformation, short-term transient variations in heart rate 
and heart rate variability are considered in the analysis. 
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FETAL DATA PROCESSING SYSTEM AND 
METHOD EMPLOYING A TIME-FREQUENCY 

REPRESENTATION 

RELATED APPLICATIONS 

[0001] This application is a continuation of US. National 
Phase application having application Ser. No. 08/809,401 
?led on May 29, 1997, Which corresponds to International 
Application No. PCT/US95/12014 ?led Sep. 21, 1995, 
Which is a continuation-in-part of US. patent application 
Ser. No. 08/309,856 ?led Sep. 21, 1994 Which issued as US. 
Pat. No. 5,596,993 on Jan. 28, 1997, the entire teachings of 
these applications being incorporated herein by reference. 

BACKGROUND OF THE INVENTION 

[0002] Fetal monitors of various types are Widely used in 
the obstetrics ?eld. Most of the devices provide to the 
clinician an indication of fetal heart rate (HR) as one item of 
data used by the clinician to evaluate overall fetal Well 
being. Other more sophisticated devices perform frequency 
analysis on heart rate time data to produce indications of 
heart rate variability (HRV), another very important item of 
data used to monitor fetal condition. 

[0003] Typically, these frequency analysis devices collect 
fetal heart rate time data over relatively long periods of time. 
At the end of each period, a linear time-frequency repre 
sentation, such as a short-term Fourier transform or a fast 
Fourier transform, is computed on the time data to obtain a 
frequency distribution for the data. In one such prior system, 
each time data WindoW is 30-60 seconds in duration. 

[0004] A signi?cant draWback to these devices is that, 
because of the long time data WindoW duration, or, equiva 
lently, the loW time resolution of the device, short term or 
transient variations in heart rate and/or heart rate variability 
cannot be detected. These transient changes can be indica 
tors of signi?cant fetal characteristics such as fetal breathing 
and should be considered in evaluating overall fetal Well 
being. Because these prior systems have long time WindoWs, 
transient changes are not detected, and, therefore the often 
critically important fetal characteristics associated With the 
transient changes are not taken into consideration in the 
overall fetal evaluation. 

SUMMARY OF THE INVENTION 

[0005] The present invention is directed to a fetal data 
processing system and method and a fetal monitor and 
method for monitoring fetal condition Which overcomes the 
draWbacks of prior art monitors. Speci?cally, the invention 
analyZes fetal heart rate data in both time and frequency 
domains With suf?cient time resolution to detect transient 
changes in fetal heart rate and fetal heart rate variability 
While also detecting other important heart rate and heart rate 
variability characteristics. The invention also has suf?cient 
frequency resolution to provide a substantial improvement 
in accuracy of frequency analysis and in diagnostic capa 
bilities over prior systems. This is particularly true during 
the human birthing process and/or When the mother or fetus 
are at risk due to medication, disease, injury, or other reason. 

[0006] The system or monitor of the invention receives 
fetal heart rate time data and samples the data at preferably 
periodic intervals. The invention transforms the time data 
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into the frequency domain by computing a time-frequency 
representation (TFR), in one embodiment, a non-linear TFR, 
for the time data. In one embodiment, a non-linear TFR is 
computed for time data covering a time interval of no more 
than ten seconds; the time interval is preferably in the range 
betWeen 0.1 and 1.0 second. The system then analyZes the 
non-linear TFR to indicate a condition of the fetus. 

[0007] In one embodiment, the time data is sampled at 
0.25 second intervals. For each sample in this embodiment, 
the invention computes a non-linear time-frequency repre 
sentation (TFR) of the data. It then analyZes the non-linear 
TFR to indicate the condition of the fetus and to indicate 
fetal Well-being. In other embodiments, the data is sampled 
at the same 0.25 second interval, but the TFR may not be 
calculated on every data sample. Instead, it may be calcu 
lated at greater intervals. Preferably, the interval betWeen 
recalculation of the TFR Will not exceed ten seconds. 

[0008] As noted above, the sampling interval is preferably 
0.25 second or, equivalently, the sampling frequency is 
preferably 4 HZ. Other sampling frequencies can be used. 
HoWever, the frequency Will preferably never be beloW 2 HZ 
to meet the Nyquist criterion for certain signal frequencies 
in heart rate data near 1 HZ, as Will be described beloW in 
detail. LoWer sampling frequencies can be used if anti 
aliasing ?lters are used. 

[0009] In the system of the invention, the fetal heart rate 
time series is obtained from either a separate internal or 
external fetal heart monitor. The time series is ?rst high-pass 
?ltered to remove the DC and very loW frequency compo 
nents. Next, the signal is made analytic by a Hilbert Trans 
form, and the non-linear time-frequency representation 
(TFR) is then obtained for the signal. In one preferred 
embodiment, the non-linear TFR is computed by a quadratic 
transformation process such as a smoothed Wigner distri 
bution. 

[0010] The TFR is essentially an amplitude-versus-fre 
quency plot of the frequency content of the heart rate time 
series Which is updated over time. There are a number of 
methods used to calculate TFRs. These include linear tech 
niques such as the short-term Fourier transform, the Wavelet 
transform and non-linear transformations belonging to the 
Cohen class of TFRs. The non-linear transformation results 
in substantial improvement in both temporal and frequency 
resolutions compared to the short-term Fourier transform. In 
the preferred embodiment, the smoothed Wigner transform 
is used, although other techniques from Cohen’s class of 
TFRs, such as the Choi-Williams or Cone Kernel distribu 
tions could also be used. The Wavelet transform, although a 
linear technique, has better time resolution, particularly at 
higher frequencies, than the short-term Fourier transform. 
The Wavelet transform is an alternative method of calculat 
ing the TFR. Improved resolution in both the time and 
frequency domains alloWs for changes in the frequency 
content of the heart rate time signal to be quanti?ed and 
located to a speci?c period of time. Thus, the system and 
monitor of the invention provide highly desirable frequency 
and temporal resolution to alloW more accurate evaluation of 
overall fetal Well-being. 

[0011] In a preferred embodiment, for each neW sample of 
heart rate, the non-linear TFR is calculated. Then, the area 
under the amplitude-frequency plot is calculated over speci 
?ed frequency bands. These areas are then presented for 
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display to the clinician and are also used by the monitor to 
assess fetal condition. As an example of the multiple fre 
quency bands, sample areas are de?ned as folloWs: 

[0012] AHF: High frequency 050-1.1 HZ 

[0013] AMF: Mid frequency (MF) 0.15-0.50 HZ 

[0014] ALF: LoW frequency (LF) 0.02-0.50 HZ 

[0015] The MP and HF bands are modulated solely by the 
parasympathetic nervous system since sympathetic modu 
lation of heart rate is minimal above 0.15 HZ. The LP band 
should re?ect both sympathetic and parasympathetic modu 
lation of heart rate variability. 

[0016] It Will be understood that the frequency bands 
listed above, as Well as the total frequency range, are used 
for illustration purposes only and not as limitations. Other 
frequency bands and ranges can be used. The de?nition of 
the frequency bands are based on current understanding of 
the physiology. These are envisioned as the default de?ni 
tions. The user is able to enter neW values for the frequencies 
de?ning the bands or even change the number of bands 
analyZed. In addition, the user has the capability of de?ning 
ratios and/or sums of pairs of areas. 

[0017] In addition to monitoring the heart rate time series 
and heart rate variability, the invention can also monitor 
optional input signals. These include a uterine contraction 
signal and a fetal movement signal. By analyZing various 
combinations of the available input data, the invention can 
indicate several fetal characteristics. These include changes 
in fetal state, fetal breathing movements, fetal body move 
ments, fetal heart rate accelerations and decelerations, fetal 
heart rate variability and transient changes in fetal heart rate 
and fetal heart rate variability. 

[0018] The system of the invention includes numerous 
subsystems for processing and analyZing input data and 
assessing fetal condition. A time-frequency representation 
(TFR) subsystem performs the transformation of the heart 
rate time data into the frequency domain. It receives the 
heart rate time series data, high-pass ?lters the data, and 
performs the Hilbert Transform to make the heart rate signal 
analytic. Then, it calculates the non-linear TFR on the 
analytic heart rate signal, preferably by a smoothed Wigner 
distribution. As noted above, other speci?c implementations 
use other knoWn non-linear transformations such as the 
Choi-Williams distribution. An area calculation module of 
the TFR subsystem computes the areas under the TFR. 

[0019] A feature extraction subsystem receives as inputs 
the heart rate time series, the TFR, the area calculations, the 
uterine contraction signal and the fetal movement signal and 
analyZes the data to compile the data into a feature vector. 
The feature vector is a collection of data Which includes 
values for all of the variables used to perform the fetal 
assessment process. These variables are periodically 
updated as the time series is sampled. That is, in one 
embodiment, a neW feature vector is generated for every 
sample of the heart rate time series. 

[0020] The feature vector and various user inputs are 
received by an eXpert subsystem of the invention. The 
principal function of the eXpert subsystem is to classify data 
contained in the feature vector and the user inputs to make 
an assessment of fetal condition and Well-being. It includes 
multiple ?rst-stage classi?ers Which receive the feature 
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vector and make preliminary assessments as to fetal state, 
heart rate deceleration and acceleration patterns and uterine 
contraction pattern. In one embodiment, the initial or ?rst 
stage classi?ers are rule-based. In other embodiments, one 
or more of them are neural netWorks. These assessments as 

Well as certain user inputs such as gestational age are 
forWarded to a rule-based front end module, the purpose of 
Which is to determine, based on the inputs from the ?rst 
stage classi?ers and the user inputs, Which of multiple 
classi?ers in an outcome predictor module Will analyZe the 
fetal pattern. The rule-based front end selects a classi?er in 
the outcome predictor and forWards the appropriate data to 
the selected classi?er. The ?nal classi?cation of the data 
patterns is accomplished by one of the neural netWork 
classi?ers in the outcome predictor module. 

[0021] The outcome predictor module includes the mul 
tiple neural netWork classi?ers Which receive data patterns 
from the rule-based front end. Based on the input pattern, the 
appropriate classi?er outputs a signal indicative of fetal 
condition or Well-being. The signal classi?es the fetal con 
dition as being either normal, stressed, indeterminate or 
ominous and includes an associated probability. Other con 
dition classi?ers can also be used to indicate speci?c fetal 
states of interest. The output is received by a rule-based back 
end module of the eXpert subsystem. The module also 
receives the data selected by the rule-based front end for 
display to the clinician. The rule-based back end receives the 
data, the classi?cation from the outcome predictor, the 
outputs of the ?rst-stage classi?ers and any user inputs and 
formats all of this data for presentation to the clinician on the 
system display. 

[0022] Since the clinician is not likely to accept the 
classi?cation by the eXpert subsystem Without revieW of the 
data relied upon in making the classi?cation, the data is 
available to the clinician on the system display. The display 
and storage subsystem organiZes the data for display on the 
monitor, for printing on a strip chart and/or for storage in a 
data ?le. 

[0023] In one embodiment, the screen display is divided 
into three WindoWs. One of the WindoWs acts like a strip 
chart to display important data as a function of time. A 
second WindoW is a “smart” WindoW in that What is dis 
played in the WindoW is determined by the output of the 
classi?ers in the eXpert subsystem. Based on the classi?ca 
tion made by the eXpert subsystem, certain variables are 
automatically selected for display in the smart WindoW With 
no intervention from the clinician, enabling the clinician to 
make an independent assessment of fetal condition using the 
displayed data. The third WindoW is a teXt WindoW Which 
conveys information from the output of the classi?ers, some 
summary data, the prediction of fetal Well-being from the 
outcome predictor, and recommendations or Warnings. 

[0024] A number of prede?ned display con?gurations for 
all of the display WindoWs are available. In addition, the user 
can de?ne his/her oWn con?gurations. In another embodi 
ment, the display capability of the monitor includes a 
real-time strip chart recorder. Thus, a hard copy record of 
pertinent data is available to the clinician for revieW. 

[0025] In an alternative preferred embodiment of the 
invention, the display can present a three-dimensional plot 
of the TFR. The three-dimensional display preferably pro 
vides a visual interpretation of the fetal heart rate data as it 
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is collected and processed. In one particular embodiment, 
the three-dimensional plot is updated With frequency-am 
plitude data at 1.0-second intervals. The visual display 
provides the clinician With the ability to quickly identify 
trends as Well as transients in heart rate and heart rate 
variability to facilitate the conclusion as to fetal Well-being. 

[0026] Other signals such as the contraction signal and/or 
the fetal movement signal can be displayed With the three 
dimensional TFR display. Alternatively, the three-dimen 
sional TFR plot can be color coded to indicate conditions of 
the contraction and/or fetal movement signals. For example, 
during a contraction, the TFR plot can be produced in red, 
and, betWeen contractions, it can be blue. This display 
format provides the clinician With a global vieW of hoW fetal 
heart rate variability is changing over time. In one preferred 
embodiment of the invention, the user has the option of 
revieWing the raW TFR data at any time or can substitute the 
three-dimensional TFR display for one of the three WindoWs 
described above. Alternatively, the three-dimensional TFR 
display can replace all of the WindoWs on the display. 

[0027] Many realiZations of the invention are possible. 
One such realiZation involves implementing the assessment 
process on a personal computer. In this embodiment, inputs 
to the computer are obtained from the outputs of various 
commercially available prior art monitors. An analog-to 
digital board in the computer samples the heart rate time 
signal and the contraction and fetal movement signals if 
available. Calculations and analysis are performed on the 
computer by the various subsystems Which can include a 
digital signal processing board and/or a neural netWork 
board and Which are controlled by softWare running on a 
processor and stored in memory in the computer. 

[0028] In another embodiment, the invention is a stand 
alone device. The invention is implemented in hardWare 
and/or softWare using a processor and memory inside the 
monitor. 

[0029] The system of the invention provides numerous 
advantages over other devices. For example, as previously 
discussed, the use of a non-linear time-frequency represen 
tation alloWs for changes in heart rate variability to be 
located to speci?c periods of time. This improvement in time 
resolution alloWs the device to detect critical transient 
episodic fetal characteristics. This facilitates a much more 
informed decision as to overall fetal Well-being. 

[0030] The invention also combines the bene?ts of both 
rule-based classi?cation and neural netWork classi?cation. 
Initial classi?cations of data patterns are performed by 
rule-based classi?ers to identify data pertinent to a particular 
fetal condition. These initial classi?cations alloW the data 
pertinent to an indicated physical characteristic to be sepa 
rated from the remaining fetal data. 

[0031] The ?nal assessment as to fetal Well-being is per 
formed by a neural netWork to eliminate certain draWbacks 
of rule-based ?nal decision making. It has been shoWn 
through experiments that tWo experts can interpret the same 
fetal data as indicating different fetal conditions. In addition, 
it has also been shoWn that the same clinician can interpret 
the same data differently on different occasions. Since rules 
in a rule-based system must be compiled from experts, 
generating a library of rules for the rule-based system can be 
an inaccurate process given the disparity among expert 
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opinions. In the present invention, the neural netWorks are 
“trained” on a database in Which fetal Well-being has been 
determined by objective criteria, e.g., by Apgar score, blood 
gas measurements and/or neural development. Thus, inac 
curacies due to the nature of the process for extracting rules 
from experts for such a complex decision making task are 
eliminated. 

[0032] It is also recogniZed that in a neural netWork based 
system, a clinician Will not readily accept a ?nal decision 
since the relationships among patterns developed by the 
neural netWork during training cannot be readily discerned 
from the netWork. Therefore, the basis for the classi?cation 
of certain test data is unknoWn. The present invention 
presents on the display the data used by the neural netWork 
in its classi?cation to alloW the clinician to arrive at his/her 
oWn assessment Without being required to rely on the 
classi?cation made by the system of the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0033] The foregoing and other objects, features and 
advantages of the invention Will be apparent from the 
folloWing more particular description of preferred embodi 
ments of the invention, as illustrated in the accompanying 
draWings in Which like reference characters refer to the same 
parts throughout the different vieWs. The draWings are not 
necessarily to scale, emphasis instead being placed upon 
illustrating the principles of the invention. 

[0034] FIGS. 1A-1H contain time plots of variables shoW 
ing a change in fetal state. 

[0035] FIGS. 2A-2H contain time plots of variables shoW 
ing fetal breathing efforts. 

[0036] FIGS. 3A-3H contain time plots of variables shoW 
ing fetal body movements. 

[0037] FIGS. 4A-4H contains time plots of variables used 
to illustrate analysis of transient change in heart rate vari 
ability independent of changes in heart rate in the context of 
active labor during pushing. 

[0038] FIGS. 5A-5B contains time plots of heart rate and 
the contraction signal shoWing a loss of variability during a 
deceleration. 

[0039] FIG. 6 contains time plots of heart rate and the 
contraction signal shoWing a period of increased heart rate 
variability. 

[0040] FIGS. 7A-7B contain time plots of heart rate and 
the contraction signal shoWing a sinusoidal variation in heart 
rate. 

[0041] FIG. 8 is a top-level block diagram of the fetal data 
processing system of the invention. 

[0042] FIG. 9 is a block diagram of the time-frequency 
representation subsystem of the invention. 

[0043] FIG. 10 is a block diagram of the feature extraction 
subsystem of the invention. 

[0044] FIG. 11 contains schematic time plots of the heart 
rate signal and contraction signal illustrating the de?nition 
of certain variables used by the system of the invention. 

[0045] FIG. 12 is a block diagram of the expert subsystem 
of the invention. 
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[0046] FIG. 13 is a schematic illustration of one con?gu 
ration of the display of the invention. 

[0047] FIG. 14 is a schematic block diagram of one 
realization of the system of the invention. 

[0048] FIG. 15 is a schematic block diagram of an alter 
native realiZation of the system of the invention. 

[0049] FIG. 16 is a schematic block diagram of the fetal 
monitor used in the realiZation of the invention shoWn in 
FIG. 15. 

[0050] FIG. 17 is a schematic illustration of a three 
dimensional plot of the time-frequency representation of the 
invention Which can be produced on the display of the 
invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0051] In interpreting a fetal heart rate time trace, a 
clinician must make assessments concerning the baseline 
heart rate (HR) as Well as the baseline variability of heart 
rate. In addition, clinicians must be able to classify transient 
changes in heart rate and heart rate variability (HRV) as to 
type and magnitude. These indices are important to the 
diagnosis of fetal distress. Optimal management of the 
stressed fetus also requires assessment of the progress over 
time of the fetal HR pattern as Well as labor. Although 
determination of baseline HR is relatively straightforWard 
from a standard fetal trace, quantitative assessment of HRV 
is more dif?cult. The present invention provides the clinician 
With a detailed, quantitative and continuous assessment of 
HRV. In addition, features important in assessing fetal 
Well-being are continuously extracted and available for 
display to the clinician or as input to an expert subsystem in 
Which an automatic assessment of fetal Well-being is per 
formed. 

[0052] HR and HRV are controlled by the autonomic 
nervous system. The autonomic nervous system has tWo 
important branches; the sympathetic and parasympathetic 
nervous systems. Activation of the sympathetic nervous 
system elicits an increase in HR. Activation of the parasym 
pathetic nervous system results in a decrease in HR. Since 
the in?uence of the parasympathetic nervous system on the 
heart is mediated exclusively by the vagus nerves, these 
effects are also referred to as vagal mechanisms. The effects 
of alter autonomic tone on HRV is complex and much 
information has been obtained in the adult by use of spectral 
analysis. 
[0053] It has been determined that if one examines HRV in 
the frequency domain as a spectral plot of amplitude versus 
frequency, variation in HRV at frequencies above 0.15 HZ 
are due to parasympathetic, i.e., vagal, mechanisms. Typi 
cally, there is a peak in the amplitude spectrum at about 0.25 
HZ, the typical frequency of breathing, corresponding to 
respiratory modulated changes in HR. These changes in HR 
are mediated exclusively by parasympathetic mechanisms. 
Typically in the adult, tWo or more peaks can be detected in 
the amplitude spectrum at frequencies beloW 0.25 HZ. These 
are mediated by both sympathetic and parasympathetic 
mechanisms. Changes in the control of the heart by the 
autonomic nervous system are re?ected by changes in the 
frequency domain description of HRV. For example, patients 
With congestive heart failure have a decreased amplitude 
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spectrum. In addition, an orthostatic stress such as tilt Will 
cause an activation of arterial baroreceptors Which Will 
increase sympathetic and decrease parasympathetic activi 
ties. The amplitude spectrum Will exhibit a decrease in high 
frequency activity, but an increase in loW frequency consis 
tent With the changes in autonomic nervous system activity. 

[0054] The present invention applies frequency domain 
techniques to fetal assessment. HoWever, the techniques 
commonly used in the adult cannot be applied to the analysis 
of fetal HRV since these methods require that the signal be 
stationary, i.e., that the characteristics of the patient do not 
change over the period of analysis. The characteristics of the 
fetus are changing, often over very short periods of time. 
These changes can be due to alterations in sleep state, 
periodic stress induced by uterine contractions, and fetal 
body and breathing movements, both of Which are highly 
variable and episodic in nature. In addition, there is infor 
mation crucial to the assessment of fetal Well-being in these 
transients and nonstationarities. 

[0055] As Will be described beloW in detail, the system of 
the invention receives a heart rate time series obtained from 
another monitor or from an internal monitor. The signal is 
?rst high-pass ?ltered, removing the DC and very loW 
frequency components. The signal is then made analytic by 
a Hilbert Transform, and a non-linear time-frequency rep 
resentation (TFR) of the signal is calculated on a point-by 
point basis. 

[0056] In order to present the TFR to the clinician in a 
concise and meaningful Way, the area under the amplitude 
frequency plot is calculated over speci?ed frequency bands. 
These areas are then output for display. As an example, the 
frequency bands can be de?ned as folloWs: 

[0057] AHF: High Frequency 0.50-1.1 HZ 

[0058] AMF: Mid frequency (ME) 0.15-0.50 HZ 

[0059] ALF: LoW frequency (LE) 0.02-0.50 HZ 

[0060] The MP and HF band are modulated solely by the 
parasympathetic nervous system since sympathetic modu 
lation of HR is minimal above 0.15 HZ. When episodic fetal 
breathing efforts occur, the frequency of breathing is typi 
cally 0.5 to 1.0 HZ. Thus, any vagally mediated modulation 
of HRV by breathing efforts is demonstrated in the high 
frequency band. The LP band should re?ect both sympa 
thetic and parasympathetic modulation of HRV, and includes 
contributions from baroreceptors, fetal body movements, 
and temperature regulation systems. 

[0061] Total area AT under the amplitude-frequency curve 
from 0.02 to 1.1 HZ is a measure of overall HRV. The sum 

AMH=AMF+AHF provides a measure, although incomplete, 
of vagal modulation. The ratio AR=AMH/ALF provides an 
index of overall sympatho-vagal balance. Also de?ned is the 
ratio AB= HF/AMF. The variables ALF, AMF, AHF, AT, AMH, 
AB and AR are available for continuous display on the 
display of the monitor. These area variables are referred to 
collectively herein as AX, Where X e{LF, MF, HF, T, MH, B 
and R}. 

[0062] It Will be understood that the frequency bands 
listed above, as Well as the total frequency range, are used 
for illustration purposes only and not as limitations. Other 
frequency bands and ranges can be used. The de?nition of 
the frequency bands are based on current understanding of 
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the physiology. These are envisioned as the default de?ni 
tions. The user is able to enter neW values for the frequencies 
de?ning the bands or even change the number of bands 
analyZed. In addition, the user has the capability of de?ning 
ratios and/or sums of pairs of areas. 

[0063] Analysis of the computed areas, the HR trace and 
HRV indicates fetal characteristics Which in turn indicate 
overall fetal Well-being. That is, certain speci?c data pat 
terns identify speci?c associated fetal characteristics or 
activities. These characteristics or activities include change 
of state, breathing efforts, fetal body movements, transient 
changes in HRV, HR deceleration and acceleration, and 
sinusoidal variations in HRV. This list is not intended to be 
exhaustive as numerous other fetal characteristics can be 
identi?ed by analyZing data. To demonstrate the assessment 
process of the invention, some examples of the application 
of the TFR to fetal HRV Will noW be described. 

[0064] Changesinstate. It has been shoWn by experiment 
and described in the literature that after approximately 36 
Weeks, most fetuses shoW evidence of organiZed behavioral 
states. TWo stages of sleep as Well as Wakefulness can be 
discerned in instrumented lamb fetuses. In the human fetus, 
there are four states Which can be identi?ed by a HRV 
pattern, the tWo most common of Which are 1F and 2F. State 
1F is a loW variability state, and 2F is a high variability state. 
A change betWeen state 1F and 2F can be discerned from 
HRV, and in order to distinguish a change in state from other 
short-term transients, a change in HRV must be sustained for 
a number of minutes; typically, 3-5 minutes have been used 
in the literature. 

[0065] Shifts betWeen states 1F and 2F can be discerned 
from TFR analysis by monitoring AT as a function of time. 
An example is shoWn in FIGS. 1A-1H. A loW variability 
state may indicate either fetal distress or simply state 1F. 
Therefore, it is important to have the capability of deter 
mining the duration of states. A normal fetus Will cycle 
betWeen states typically at intervals of approximately 30 
minutes. As the duration of a loW variability state exceeds 30 
minutes, the likelihood that the pattern indicates a distressed 
fetus increases. 

[0066] DetectionofFetalBreathingMovements. Breathing 
movements in the fetus are episodic, i.e., they occur in 
bursts, each lasting from tens of seconds to a couple of 
minutes. The frequency of occurrence of fetal breathing 
episodes varies With state, gestational age, labor, and fetal 
distress. Therefore, the ability to obtain an index Which 
could provide information as to the occurrence of fetal 
breathing efforts aid the clinician in evaluating fetal Well 
being. 
[0067] During an episode of breathing movements, the 
frequency of breathing typically ranges from 30 to 60 per 
minute (0.5 to 1.0 HZ). Therefore, the direct effects of 
breathing efforts on HRV Would be expected to be mani 
fested in the HF range of the TFR. An example of a change 
in HRV consistent With an episode of fetal breathing is 
shoWn in FIG. 2. At approximately minute 13 there is an 
increase in AHF, lasting approximately 30 seconds. There is 
also an increase in the AR ratio indicating a preferential 
increase in HF vagal modulation consistent With an episode 
of fetal breathing. Close examination of the HR trace reveals 
the presence of a high frequency variation. HoWever, the 
presence of this high frequency transient is more apparent 
from the AHF trace compared to the original HR trace. 
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[0068] EffectsofFetalBodyMovements. After 28 Weeks 
gestation, fetal body movements are typically accompanied 
by changes in HR. Increases in HR With body movements 
usually indicate a reactive fetus and is considered a sign of 
fetal Well-being. It has been shoWn that the exact morphol 
ogy of the change in HR Which accompanies fetal body 
movements depends on the pattern of fetal movement. SloW 
trunk rotations are associated With sloW increases in HR. 
The stronger the body movement, the greater the change in 
HR. Complex body movement patterns, such as arms With 
trunk rotation, produce a more complex HR pattern, e. g., the 
acceleration may be interrupted by brief decelerations. 
These changes in HR Would produce consistent changes in 
the TFR over time. Changes Would be expected predomi 
nately in ALF for sloW changes, Whereas for more complex 
changes in HR associated With more complex patterns of 
body movements Would be associated With changes in other 
frequency bands. In addition, increased magnitude of 
changes in HR With body movements Would be re?ected by 
a greater value in the appropriate frequency band. 

[0069] An example of HRV analysis in a fetus during the 
early stages of labor is shoWn in FIGS. 3A-3H. There are 
episodic changes in HR Which are not associated in a 
consistent fashion With contractions. Thus, these likely 
represent the response to fetal body movements. Differences 
in the morphology of the HR changes can be discerned from 
the response of the TFR parameters. For example, the HR 
transient at 2 minutes is sloW as evidenced by the dominant 
peak in ALF, Whereas the transient at 8 minutes is predomi 
nately a higher frequency transient as seen by the dominate 
peak in AMF. Thus, the application of the TFR to the fetal 
HR alloWs the monitor not only to identify but to charac 
teriZe in more detail the HR transient. 

[0070] TransientsinHRV. There are times When there may 
be clear changes in HRV Without concomitant changes in 
HR. These changes may re?ect accelerations or decelera 
tions as usually de?ned in the literature or they may re?ect 
other events. FIGS. 4A-4H present the results of HRV 
analysis obtained from a patient late in labor While pushing. 
Although there are no consistent changes in the level of HR 
With each push, there are reproducible changes in the 
parameters related to HRV. There is an increase in HRV in 
all frequency bands With each episode of pushing. This 
suggests that the fetal autonomic nervous system is respond 
ing to the increased intrauterine pressure, Which in turn 
suggests that the fetus is reactive. Such reactivity is a 
positive sign of fetal Well-being. The ability to make this 
assessment may be particularly important in this fetus since 
baseline variability, variability betWeen the contractions, is 
quite loW Which could indicate either fetal distress or 
behavioral state 1F. Other systems for HR monitoring during 
labor do not examine transients in HRV independent of 
changes in HR. 

[0071] AnalysisofDecelerations. One of the most common 
diagnostic patterns of fetal HR during labor is that of 
decelerations, i.e., a decrease in HR Which is coupled to 
contractions. First, decelerations are typically classi?ed by 
shape, either uniform or variable. Uniform decelerations are 
characteriZed by a similar shape having gradual onsets and 
offsets. HoWever, if the shape of decelerations varies from 
one to the next, they are considered variable decelerations. 
Based on the relationship betWeen the timing of the occur 
rence of the decelerations and contractions, uniform decel 




















