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IMPROVING THE PERIODICITY MEASUREMENT
IN FETAL HEART ACTIVITY SIGNAL

In this paper we discussed the influence of prelany processing of the ultrasound Doppler signadocuracy
of the fetal heart rate estimation as well as d¢inldity of the FHR instantaneous variability asssent. We attempted
to develop an optimal processing channel of US Dmpggnal in order to measure the periodicityethf heart activity
with accuracy as close as possible to that ensbyeBECG. The FHR values determined from the USadigrere
compared to the reference data obtained from dFEQG. In a final evaluation we used the parametessribing the
FHR variability as the clinically important signf@latures being the most sensitive to any perigdiciaccuracy. The
results proved that an application of proposedrétyns improves the accuracy of interval measurésmend FHR
instantaneous variability assessment in relatichéanew-generation fetal monitors.

1. INTRODUCTION

Electronic fetal monitoring provides a technique &sessment of uteroplacental physiology and
serves to indicate the adequacy of fetal oxygena#d present, the fetal heart activity is the owital
function of a fetus that can be recorded effecyivéhe most often used non-invasive method of fetal
heart monitoring is the ultrasound Doppler (UShteque [6]. This monitoring relies on recording and
analysis of fetal heart rate (FHR). In automatedlysis of the FHR signal two main components of
instantaneous variability (short- and long-termg awaluated quantitatively by a variety of numdrica
indices. The short-term variability is one of thesnhimportant premises indicating appropriate fetal
development, with high predictive value for autoimatassification of FHR records. The early preidiat
of bad fetal outcomes helps to avoid dangerousatssias which are impossible or more difficult to
manage in the newborn. Therefore, improving theldity of variability determination should have
major influence on the quality of automated clasatfon of FHR records. Our previous works showed
that the long-term FHR variability indices deriviedm the US Doppler are obtained with rather a good
precision [7]. However, depending on the calculapioocedure, the short-term variability indices rbay
considerably decreased while using an autocorogld¢ichnique to process the ultrasound Doppler wave

The most accurate measurement of the periodicitfetal heart activity is limited to the labour
since it is ensured by acquisition of electricagnsii of the fetal heart using direct fetal
electrocardiography (FECG). Applying the ultrasolappler technique the fetal heart beats are dedect
from the envelope, where the Doppler shift of thiected US wave is directly related to the speeth®
heart moving parts i.e. the valves and walls.

In this paper we discussed the influence of prelany processing the ultrasound Doppler signal on
accuracy of the fetal heart rate estimation as albn reliability of the FHR instantaneous valigbi
assessment [3]. We attempted to develop an optmualessing channel as regards to establishing the
useful bandwidth of US Doppler signal as well as #utocorrelation function parameters in order to
measure the periodicity of fetal heart activitylw@ccuracy as close as possible to that ensuré&6Ys.
We particularly would like to answer the questibthe modern US signal processing techniques allsw
to measure heart cycles with the precision highughdfor reliable estimation of clinically important
signal features.
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2. METHODS

In the Doppler signal, the mechanical activity efiad heart is represented as temporary increases of
signal amplitude, while the signal frequency isgamtional to heart valves movement speed. The usefu
range is comprised in the bandwidth from 50 to 3@8 Cutting of lower frequencies removes
components usually related to fetal movements vésetitee upper limit reduces blood flow effects.

The autocorrelation function (AF), when applyingatmalysis of the entire signal shape, requires the
US Doppler envelope to be previously determinedhénbasic approach the bipolar signal is conveded
unipolar one by rectification, which is followed laylow-pass filtering. However, in order to obtée
most reliable periodicity measurements we deterchthe envelope signal by means of Hilbert transform
Determination of the autocorrelation function artke tposition of its dominant peak enable the
measurement of the cardiac cycle durafigid]. Values ofT; intervals are transformed into instantaneous
fetal heart rate (FHIRexpressed in beats per minute (bpm) accordirglthé equation: FHRbpm] =
60000 /T; [ms].

2.1. AUTOCORRELATION WINDOW PARAMETERS

The autocorrelation function is able to determine periodicity of US Doppler signal only if at
least two corresponding mechanical activity epispdehich belong to two consecutive heartbeats, are
contained in the signal window being analyzed. s dther hand, it was noticed that windows longer
than two beats cause significant averaging of valemeasurement and thus reduction of the shari-ter
FHR variability [3]. Practically, as we proved imroprevious work [7], only an adaptive window oé&th
length which is set to comprise always two heardtbeassures beat-to-beat accuracy of changes
measurement.

If the algorithm fails to measure interval duratigvhich can be caused by signal interferences or
low signal quality) the window length will not bedated to exactly follow the changes in instantaseo
heart rate values. If the signal loss period |&stsseveral heartbeats, there is a consideraltewfsch
may make the measurements impossible if the camjiele duration extends rapidly, since the window
becomes too short to cover two corresponding mechlaactivity episodes in successive heart cycles.

As a solution we propose two-stage algorithm fauaate periodicity detection (Fig. 1). In the first
stage a rough estimation of periodicity is obtainsthg a standard AF calculated in window of three-
second length. Additionally to simplify the calctiden, the envelope is downsampled to 200Hz, tocedu
the required computational efforts. The periodssneated only once per second, since the only m&po
is to provide information for the second — preatage of periodicity measurement. The estimateger
is used for AF window adjustment to keep its lengftlvalue of two heartbeats during the measurement
process.
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Fig. 1. General scheme of the algorithm for Dopplgnal processing. The fin&"S signal is a function of parameters defining thié sh
increment (S) and the applied method (M) for sarsplées; segmentation.
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The second parameter which controls the autocoioelédunction is the window shift increment,
defining the time shift of a signal window betwdamm measurements. Since the FHR variability analysi
requires the each heartbeat to be represented diygke value, the maximal shift cannot exceed the
duration of the shortest possible heartbeat i.€. @S. However, an accuracy can be improved if the
periodicity is measured several times during amieadiac cycle. In our experiments the shift inceat
(S) was changing from 42 to 250 ms, which means ttta number of measurements per second was
between 4 and 24.

2.2. THE GAUSSIAN WINDOW

Artefacts in the US signal, usually coming from eratl blood vessels are represented in AF
function as false maxima occurrences. To prevecdriect measurements we proposed a heart cycle
length prediction based on previously estimatedogamity. Then, the correction is applied to the AF
using the Gaussian window, with the centrerisg T,.; (Fig. 2). Finally, thatr value is chosen as the
instantaneous periodicify, for which theRy(7) function reaches its maximal value:

ol

i-1

Fj :Tn{z-n: RN( Tn) :maX(RN(T))}’ R/v(r) =R(7) [exp _%[ET_Ti_lj , 1)

where:
o stands for the parameter controlling the windowdtivi For all further calculations thefactor was
equal ¥a.

2.3.INTERVAL VALIDATION

In order to eliminate measurement errors causesdignal interferences (i.e. related to erroneous
fetal heart rate doubling or the temporary traasitio maternal heart rate), a validation stagetbdse
applied. Because the usually used criteria [2] jpict@o wide range of FHR changes, we applied much
more complex ones. Thie values from the time event series should fulfi# tondition:

T, —0.10_, <T, <T_;+ 0.13A_, (2)
where:
_{Ti_l—sooms for T_, =320ms

20ms for T_, <320ms

The T is accepted if it belongs to the group of threeseantive intervals fulfilling the (2). The
validation is carried out bidirectionally, which ares that in the next step intervals are acceptearding
to their successors. A given interval is considexrgdncorrect only if it does not meet the critendoth
directions.
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Fig. 2. The correction of the AFalue using the Gaussian window. The upper plaeres AFand the Gaussian window centered according
to the last correctly measured heart interval. filoebelow presents the(7) function obtained after the correction of thecaotrelation
functionR(7) using the Gaussian window. The correction alltmisidicate an appropriate interval valgevhen interferences caused
a false maximum R(7).
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2.4. SEGMENTATION PROCEDURE

The calculation of the autocorrelation function,iethis repeated many times for a given cardiac
cycle, provides a new periodicity vallkg with every AF shift. Therefore, the instantanedidR is
represented by a set of evenly spaced values.sidnal has to be divided into segments correspgnidin
particular heartbeats and the final FHR values kshba calculated from these measurement series [2].
The proposed segmentation algorithm relies on etxtra of heartbeat markers from the envelope of US
Doppler signal. For that reason an additional st#gggnal processing is needed. It is based onothe
pass filtering of the envelope, and since the apptut-off frequency of 2Hz [5] is very low, it neiges a
high orderFIR filter. However, because for this triggering a ghuestimation is enough, the envelope
signal can be downsampled to simplify the compatatlThe pseudo-sinusoidal signal on the 60th order
filter output assigns exactly one local maximumetach heart cycle. Detecting these local maxima
provides rough markers of successive heartbeatscalked triggering events. For each of those evant
segment corresponding to heartbeat is assignedllyithe value of each interval is determined as a
median value of alF; measurements contained within this segment.

The segmentation method gives the FHR signalnm fof time event series, which means that each
interval is described by its precisely measuredatiom T;, and additionally by the marker of its
occurrence in time. The position of a given intéimaime is a rough estimation since it is onlyassary
for synchronization off;”> intervals with the referenc&™ intervals (essential to evaluate the interval
measurement error of the ultrasound-based acaqunsitiethod). Having information on exact location of
the heartbeats in the reference direct fetal eleatdiogram, allows us to test an influence of Ae
parameters independently from our segmentation adelieing the last stage of the FHR determination
process.

3. MATERIAL

The research material is based on two signals samebusly recorded during a labour: fetal
electrocardiogram captured directly from the fétaad as the reference signal as well as the sigmal
mechanical activity of fetal heart acquired usihg US method. Both signals were sampled with 2 kHz.
Three records of a total length of 68 minutes (8%artbeats) were chosen for analysis. The
crosscorrelation function was used to find QRS demgs in FECG signal by comparing the signal with
a template. Since the R-wave is the dominating @orapt of the QRS complex, the crosscorrelation peak
corresponds to matching of the R-waves in two cemgd being compared. Therefore, a distance
between two consecutive peaks is the refer@itenterval. For quantitatively describing the shientm
and long-term FHR variability we have chos&i andLTl indices proposed by de Haan [1].

Table 1. Descriptive statistics of the referencérFdinals derived from direct fetal electrocardiqima

Record Dur.ation Mean FHR STl LTI Signal Number of
[min:s] [bpm] Meanzx SD Meant SD loss [%] heartbeats
1 45:26 132.21 9.17+£ 2.40 52.6% 2 6.25 3.74 6015
2 13:22 127.73 7.37+£0.75 18.3¢+ 8.48 0.78 1188
3 9:20 130.43 6.54+ 0.65 18.6:9.44 2.09 1742
4. RESULTS

The error describing the heart interval measurer@€nj was defined as the difference between the
T® interval and the corresponding referefi¢® interval (according to the middle point of the refece
interval duration):

AT, =T,”° =T, for k meeting conditiol, 7,”° < 0.50(7; +7,,, )< 1, ”°. (3)

22



MEDICAL MONITORING SYSTEMSAND REMOTE CONTROL

The FHR variability indices §T1, LTI) are calculated within separated one-minute $igna
windows. Since their values are considerably changetween subsequent windows, the analysis of the
relative variability calculation error is more sabte:

ST, =( STI " —ST1,5¢) /STI,=°° (4)
wherej indicates thg-th minute of record being analyzed.

4.1.NUMBER OF MEASURMENTS PER SECONDS

The initial conditions of the algorithms have besmt as follows: US Doppler signal bandwidth at
100+475 Hz [5], cut-off frequency of the low-padtef to the envelope determination at 50 Hz, numbe
of periodicity measurement (per second) within egeafrom 4 to 24Measurements of instantaneous
heart rate K;) were transformed into time event series throulgbirt segmentation, but using an
information on the exact location of heart beatthmreference FECG. Figure 3 shows that the acgura
of an interval determination increases when nunob@neasurements decreases. This tendency is cause
by determination of a given interval value as thedran value from the measurements made within this
interval, which eliminates boundary measurementsilysresponsible for the highest errors. On theept
hand, the accuracy improvement that can be achieiddan increase of the shift increment is rather
insignificant, whereas the computational efforgndicantly increase. For further analysis, theueabf
12 measurements per second was selected as a toisgro
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Fig. 3. Influence of the number of instantaneoustte measurements on the accuracy of the leeardioration determination.

4.2. US DOPPLER BANDWIDTH

Using the same initial conditions, the bandwidtrswenited by band-pass filter of the 120-th order,
whose cut-off frequencies were changing in theofeihg ranges: 50+180 Hz for the lower frequency and
200+500 Hz for upper one. The obtained resultgpegsented in Fig. 4. The best accuracy was achievec
with the widest bandwidth (50+500 Hz). Howevershibuld be noticed that increase of the lower ctit-of
frequency was accompanied only by a small increddee error value, whereas cutting of the higher
frequencies caused a significant drop of the bedkeat determination accuracy.
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Fig. 4. The influence of the bandwidth parametensnd) the filtering of the ultrasound Doppler sigoa the beat-to-beat
determination accuracy.

4.3. ULTRASOUND DOPPLER ENVELOPE DETERMINATION

The method used to obtain the envelope of the U0 signal is expected to affect the accuracy
of the FHR determination. The simplest method iseldaon conversion of the bipolar signal into the
unipolar one by rectification, which is followed bpw-pass filtering. The cut-off frequency is
responsible for a level of signal smoothing. In edperiment the envelope was calculated four times:
without any smoothing by low-pass filtering, and fbe cut-off frequencies 25, 50, 100 Hz. In th&tne
step, this simple approach was face up to the moreplex one using the Hilbert transform filter,
according to the formula:

A(n) =4/s*(n) +§(n), (5)

where §(n) is a Hilbert transform aod(n) signal.

Table 2. Influence of the calculation method of titeasound Doppler envelope on the heartbeat
measurement accuracy.

Envelope calculation |AT,| med[lrir;%{x Til) AT, SE[)r%AS']I'l) OSTI [%] | OLTI [%]
methods [ms] [ms]

Signal rectification 1.73 1.02 -0.16 2.73 -5.14 22.
Low-pass fc = 25Hz 1.87 1.35 -0.44 2.62 -5.96 -0.10
filtering _

of rectified fc = 50Hz 1.74 1.20 -0.30 2.57 -9.49 1.15
signal fc = 100Hz 1.66 1.07 -0.20 2.57 -10.64 0.38
Hilbert transform filter 157 0.93 -0.15 2.54 -4.50 0.22

The results listed in Table 2 show that Hilbettefilensures the best accuracy as regard both tRe FH
accuracy and reliability of the FHR variability degtion by means ofTl andLTIl indices. The highest
error of determination of the heartbeat duratiors vebserved for the filter with the lowest cut-off
frequency. It means that too strong filtration esuthe envelope peaks to be blurred.
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4.4. SEGMENTATION METHOD

The extracted time event series using two segmentabhethods were related to the heartbeat
events obtained from the direct fetal electrocagchn. The obtained results show noticeable advantag
of the FECG-based segmentation over the approastdban extraction of triggering events from the
ultrasound Doppler signal. Of course, the firstrapph is for verification purposes only, and it manbe
used during real fetal monitoring session, sincerdtuires an registering of the direct fetal
electrocardiogram available only during a labour.

Table 3. Influence of the segmentation methodHerheartbeat measurement accuracy.

AT AT OSTI = SD
Segmentation method |AT|| [ms] AT, + 5D [ms] [%0] OLTI = 3D [%]
FECG-based 1.57 -0.15+ 2.54 -4.50t 18.05 0.2 10.34
Extraction of triggering event 1.90 -0.21+ 3.06 -7.61+ 20.69 1.5G 11.17

5. CONCLUSIONS

In the work [3] the accuracy of FHR estimation wesluated for MT-430 (Toitu, Japan) fetal
monitor equipped with the autocorrelation-basedcgssing algorithm implemented in hardware. The
main conclusion was that new-generation fetal noogiiare not capable to provide the FHR signals
accurate enough for short-term FHR variability asseent. For this model of fetal monitor the authors
obtained a mean absolute error equal to 2.98 raadatd deviation of 4.18 ms). The relative erroilevh
computing theSTI (from de Haan) variability index was equal-#89.5%. However, our new algorithms
applied to signals registered with the new instnotagon developed, improve significantly the accyra
of interval measurements and FHR instantaneousahifity assessment. The mean absolute error
decreased to 1.90 msY = 3.06 ms), while mean relative error of shortrteFHR variability
measurement wasr.61%. Further improvement is possible but it reggidevelopment of more efficient
method to extract true interval values from the sneament values being a result of application ef th
autocorrelation function.

Testing the influence of the US Doppler useful laidth on the beat-to-beat determination
accuracy led us to conclusion that the lower ctifrefjuency can be set to ensure efficient suppess
the interferences coming from fetal and maternaveneents. It does not caused significant drop of the
determination accuracy. The obtained results allewto reconsider the ultrasound Doppler method as
potentially useful for reliable fetal state assemsin The results of our works on acquisition and
processing of ultrasound Doppler signal are adapteal project of mobile fetal monitor being under
development. In this context the results are promgiand allow us to presume that the accuracy of ne
developed fetal monitor can be better than accus&cyrrently available ones.
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