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COMPARISON OF INSTANTANEOUS FETAL HEART RATE EXTRACTED
FROM ABDOMINAL AND DIRECT FETAL ELECTROCARDIOGRAMS

This work is an attempt to assess the reliabilityindirect abdominal electrocardiography as anrafigve
technique of fetal monitoring. As a reference sigma used the simultaneously acquired direct feattrocardiogram.
Each recording consisted of four signals acquirecthfmaternal abdomen and the reference signal r@chdirectly
from fetal head. The first stage of our study coned the signal loss episodes. In order to redbeeirtfluence of
incorrectly detected R-waves, some certain valitatiules were applied. In the second stage, theegponding
intervals determined on basis of both acquisitioathnds were matched and the accuracy of fetal hedet
measurement was evaluated. Although the accuraapadminal electrocardiography turned out to bghtlly lower
than reported for ultrasound method, it still hasne unique features deciding of its prevalence icegain
circumstances.

1. INTRODUCTION

The heart activity signal measurements rely on afiete of successive heart beats and
determination of time intervalsgk between them. However, in clinical practice therenoften used is
the fetal heart rate (FHR, expressed in beats pautg), calculated according to the formula: FHRr)
= 60000/ kg [Ms]. One of the most commonly used techniqudstal heart rate measurement is a pulsed
Doppler ultrasound method which detects heart bfata movements of the fetal heart. However,
Doppler ultrasound monitors provide the FHR whigmot a true beat-to-beat heart rate but represents
average over neighbouring beats [9].In fact, thacexardiac cycle can be measured only on a bésis o
electrical activity signal — the fetal electrocagliam (FECG). Recording of FECG can be accomplished
by two methods: the direct one — possible only duriabour, where the spiral electrode is directly
attached to the fetal head, and the indirect omghere measuring electrodes are placed on materna
abdomen. The direct method provides the refereigoals— where the low frequency interferences aan b
easily filtered out. However, the most promisingnfrthe clinical point of view is the indirect metho
which has two fundamental advantages over thetdiree: it is non-invasive and can be applied during
pregnancy. Of course, the main problem of its jprattimplementation is the maternal electrocardangr
(MECG), many times exceeding the useful signal. ifaldally, during labour the second source of
unwanted component is the uterine contractile agtj2].

So far, there has been no comprehensive study awrajuthe accuracy of fetal heart rate
measurement in abdominal FECG signal, on a bebe#ab-basis. In some papers the work is limited just
to an assessment of success rate of deriving the feasurements from the raw abdominal data [5, 11,
18] or the accuracy assessment is based on Dagpi@sound technique [6, 19]. The major shortcoming
of using a direct FEC@chnique is its invasiveness. However, some regave compared abdominal
and direct FECG recordings. Graatsma et al. [4lyaed 22 intrapartum recordings of one-hour duratio
and compared beat-to-beat FHR values but the rigpsystem had sampling frequency equal to 300Hz,
which is inadequate to determine true beat-to-lbagation. The intrapartum recordings of betterldqua
(32 channels at 1 kHz) were acquired by Clifforchlet[1]. However, since the main aim of their work
was to prove that abdominal FECG signal can beaetad without distorting the ST-segment, the beat-
to-beat accuracy of FHR measurement was not ealuat
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The aim of this study was to look at the feasipilif the abdominal electrocardiography as a
reliable technique for fetal monitoring. The acayraf derived Ekr intervals was evaluated in reference
to the direct electrocardiography, which remaires“tjpld standard”. The acquisition of direct FEC@sw
possible only during labour, that strongly affeitts quality of abdominal records, due to a consiboler
muscular activity of the uterus. Therefore, theat#e evaluation of method accuracy required ailéeta
analysis of signal loss periods.

2. METHODOLOGY

We have developed a computer-aided instrumentdtiosimultaneous recording and analysis of
FECG signals from the maternal abdomen and dirdaiiy a fetal head. The recorder is equipped with
four differential abdominal channels and one fonreecting a spiral electrode attached to the fetaldh
[7]. The electrodes were placed as shown in Fiquifeur around the navel, a reference electrode@abo
the pubic symphysis and a common mode referencé@lie (with active-ground signal) on the left leg.
Both direct and abdominal signals were acquirecusaneously and their processing was carried out in
on-line mode. The comparison process itself wasraptished off-line.

Suppression of the dominant component in abdonsigakls — the maternal electrocardiogram — is
the decisive step in the abdominal fetal electrdicgraphy [18]. The MECG amplitude is much higher
than the FECG one and the overlapping of the freguecontents of the maternal and fetal QRS
complexes makes the suppression of MECG by thelsitilpering impossible [11, 14]. The applied
method of MECG suppression consists of the foll@nsteps: determination of the precise locations of
maternal QRS complexes, PQRST pattern calculatiaheoweighted averaging method [16, 17] and its
subtraction from abdominal signal around these dexas [13].

Then, the resulting signal is provided to the f&€&tS-complex detector, consisting of two main
blocks: the fetal QRS enhancement block (based igitadfilter cascade with frequency response
magnitude adjusted to the spectrum of fetal congdpxand the heart beat determination block, whose
task is to detect the peaks and to decide whetteepeak represents the R-wave or not. This online
detector was described in details in [12, 15].
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Fig. 1. A typical configuration of the abdominatefrodes and selected fragment of high quality FE{@8als. A — abdominal signal after
preliminary filtering, B — abdominal signal after @B component suppression,
C — direct FECG signal simultaneously recorded fretalthead
(M — maternal QRS complexes, F — fetal QRS complexes)

The time interval between two consecutive R-wavefinds the duration of cardiac cyclegrl
Before the accuracy ofgk intervals can be assessed, the detected comptexssundergo the validation.
The applied procedure is based on a set of decrsi@s, complying with the physiological range of
possible changes of successive fetal heart beatidns. The validation starts from basal rule [B]the
first step those peaks are accepted for whichdlrutated &g period fulfills the formula:

102



SELECTED TASKSOF MODERN MEDICAL DIAGNOSTICS

where:

Tl =1) = 043LA( 1) < T (i) < Togi —1) + A 1)

Tr(—D-300ms dla

Ali -1) :{ o

Ter(i—1 =320ms
da Tg(i-1) <320ms

(1)

The range of acceptablgd changes is based on two premises: the acceptadhge between two

successive intervals proportionally depends on ualee of these intervals, and the wider range of

changes is permitted if the interval is extending. [during deceleration pattern of the FHR). Timalf
acceptance is granted to those peaks that beloting tgroup of three consecutive peaks fulfilling ().
To assure correct interpretation of heart beathiwithe slopes of acceleration or decelerationepadt

a wide range of instantaneous changes of FHR ispté@d. However, it leads to incorrect detections of

QRS complexes during ‘flat’ segments of FHR sigsalthat in many cases the obtaineg Values are
in fact erroneous. Commonly the peak provided bysQ@Rmplex detector is slightly shifted in time in

relation to the actual QRS complex. The incorrediyermined R-wave position affects two successive

beats, resulting in lengthening of one and shantgwif the other. Since the differences are rathells

according to (1) the obtained interval values aceepted, distorting the analysis of beat-to-beat

variability. Therefore, we proposed an additiondérfor validation of detected R-wave positions jckh
is based on analysis of monotonicity of beat-tothEveanges. A given gk interval is assumed to be
incorrect if its first derivative changes the sifgm this interval and a product of differences bedw
a given kg interval and the neighboring ones exceeds 25 [10].

FHRp [bpm]
A
yita\ e
W"\JT’V'WW'WVW‘/" 'A+WIM| ‘,,/“y' 1 \Awm-"'l.{/v,- ¥
Signal loss in FHR [%]
I B
— —
FHR, [bpm]
C

130\ ~ v N a h \ A Axoly ”.r’ |
120l NOVE MMV AL maete W T ey ALY Y T R
Y Wy T V T L

110 T 1 W w J

100L— -

100 Signal loss in FHR, [%]

75

50 D
25

0 ! I} 1 I I
100 Global signal loss [%]

75

50— E
25 I f _, T

0

0 ATgg [Mms]

20 I |

01 b Al At AN b o <

-20

“OAT

m

10.0\ rel [MS]

75 G
5.0

25 } —

00 1 2 3 4 5 12 13 14 15 17

8 .9 10
Time [minutes]

Fig. 2. lllustration of successive steps @k Accuracy evaluation procedure for abdominal edeandiography in relation to the reference
intervals obtained by direct approach. Part AFHR, signal obtained from direct electrocardiographyereas the C is the simultaneously
acquired fragment derived from the abdominal metfid@ plots B and D respectively let us evaluateragntage of signal loss in
particular one-minute segments for each methodgwhe E shows the global signal loss as an OR ifamaff both. Waveform F presents
interval measurement errors determined as diff@ebetween the corresponding intervals. The mearval measurement errors
calculated over one-minute segments are presegtpbbbG.
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Finally, two signals describing the electrical aityy of fetal heart, calculated on a basis of
abdominal information (A) and from direct electrod®, are obtained. In Figure 2 there is an example
recording with the signal loss marked as discoitynn FHR; and FHR waveforms. Also a percentage
of signal loss in the successive emenute fragments was calculated for each recordihgn FHR and
FHRa signals were directly compared to determine diffiees between corresponding beat durations and
to calculate the absolute error of interval meaverg. However, to assure reliable measurement of
accuracy of the abdominal method it was necessamgrhove from both signals all those fragments
where at least one method was unable to providecdomeasurements. A global signal loss parameter
was defined (Fig.2E) to indicate which fragmentsboth signals would undergo detailed comparison.
The differences between corresponding intervalBgg = Tre" — Trr-) are graphically presented in
Fig. 2F, whereas Fig. 2G depicts the mean absalligg calculated in oneminute fragments.

3. RESULTS

Our comparative study was based on four recordaogsprising signals acquired from maternal
abdomen and the reference FECG signal acquiredtigifeom fetal head (Fig. 1). In all cases thelgca
electrode was placed for a clinical indication. iEshcommittee approved all procedures and informed
consent was obtained from every woman. Signals wesrerded in the Department of Obstetrics at the
Medical University of Silesia. The patient age viba$ween 21 and 25. The recordings were made during
established labours from 38 to 41 weeks of gestafl@tal monitoring time was 265 minutes. A total
number of 36325 “possible gk intervals” were determined in all transabdominaflgquired fetal
electrocardiograms, while the direct FECG signalstained 36695. After application of validationesi
a total number of 22939 correckdintervals (63.1%) remained in FHRignal, and 27024 (73.6%) in
FHRp signal. We can notice that the signal loss rat@s wiuch lower in FHRsignals. Only the shortest
Rec. 1 is an exception from this rule, as the tetghal loss in FHR signal was twice higher (334
seconds compared to 170 seconds in PHRfter the validation process, the signals ararabterized by
different number and duration of signal loss segseiiherefore, in order to compare them, we
additionally rejected all thoser# intervals which had been previously classifiedaasgnal loss in at
least one of the FHR signals. Table 1 presentstalel® data describing the correctglintervals that
were qualified to the final comparative signal gsa.

Table 1. Detailed data describing the acquiredadggvalidation results as well as the number amdtibn
of correct kg intervals qualified to the comparative analysis.

Rec.1 | Rec.2 | Rec. 3 | Rec. 4 z
Duration [s] 1058 | 7668| 2206| 4988 15920
2355 | 17208 5225 11907 36695
A" | 2244 | 17101] 5134 11846 36325

D’r

Detected intervals [n]

Accepted D 1514 | 13677 2944 8889 27024
by validation rules [n] A | 1897 | 11786 1483 7773 22939
. D 334 1407 891 1141 37738

Signal loss[s] i
A 170 2353 1555 1697 5775
Compared &g pairs [n] 1335| 9654 1123 5828 17940

[s]| 637 | 4388| 485| 2466 7976
[%] | 60.21 | 57.22| 21.99 49.44 50.10

Pearson corr. (r) 0.98 0.97 0.99 0.99 0.98

Resulting signal

“in direct FECG;*in abdominal FECG

Finally, 17940 pairs of dr intervals obtained from both methods were usedlfi@ct comparison
(with total length above 132 min). Analyzing theeeage values of gk intervals for different recordings
we did not notice any statistically significant fdience (t-Student test, p>0.05). Moreover, for
corresponding dr intervals we noticed high value of Pearson cotimacoefficient (r=0.98, p<0.01).
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The detailed values of descriptive statistics, eoning the differences between the correspondigg T
intervals, represented in a form of time eventese(beat-to-beat) is presented in Table 2.

Table 2. The descriptive statistics concerningdifferences between corresponding; Thtervals,
derived from direct and abdominal methods.

Term Rec.1 | Rec.2 | Rec.3 | Rec.4 >

ms | -0.04| 0.03| -0.07| -0.07| -0.01
bpm| 0.01| -0.01| 0.02| 0.02| 0.00

ms 5.07| 6.97| 5.67| 5.09| 6.13
bpm| 1.32| 2.05| 1.76| 1.79| 1.89

ms | 10.14| 13.94| 11.34| 10.18| 12.26
bpm| 2.64| 4.10| 3.52| 358| 3.78

Mean value of absolute interval differencesbn;fn 82(7) iig iig iig igg

2.00| 3.00| 2.00| 2.00| 2.00
0.51| 0.99| 0.74| 0.78| 0.87

Mean value of interval differences

Standard deviation

Double standard deviation

Median value of absolute interval differenceégrsn

It can be seen that the mean value of intervakdfices is close to zero. It proves that the T
values derived from abdominal signals are not &fbdy a systematic error. The standard deviatfon o
differences is very similar for particular recorgs ranging between 5.07 and 6.97 ms (1.32 — 2069 .b
Considering standard deviation we can notice ti8&b ®f differences do not exceed 6.13 ms, whereas
only 5% are higher than 12.26 ms. Compared to igdyrr interval length in our research material
(usually between 400 and 500 ms), these values sedm rather low. Additionally, two different erro
measures are calculated for the time event ses@®sentation: mean absolute error equal to 4.25 m:¢
(2.30 bpm) and median of absolute error equal@0 gns (0.87 bpm).

4. DISCUSSION

The main aim of our work was to assess the reltglmf indirect abdominal electrocardiography as
an alternative technique of fetal monitoring. Asegerence method we used the direct FECG, being the
gold standard for the instantaneous FHR valuegmeatation. The signals acquired from scalp elearod
were distorted by low frequency interferences cote®with movements of the patient. Additionallg th
electrode very often was losing contact with fétahd, causing temporary signal loss. The power line
interferences were rather absent, however, thefenémces of maternal muscle and heart activityewer
visible. The labour conditions also affected thalgy of abdominal FECG signals. In this case them
source of interferences was strong bioelectricaivigz of uterus during labour contractions. Closer
analysis of distribution of the FHR signal losssepies showed that almost all of them (for both FHR
and FHR) were not longer than 10 s (most of them weretshohan 2 s). However, in all FRsignals
longer episodes of signal loss (up to 100 s) oeclirfhey were caused by cyclic palpation examinatio
routinely performed by the obstetrician during lefwehich had almost no influence on quality of FHR
signal).

Finally, only those intervals were accepted for ¢benparison, which were successfully measured
using both acquisition methods. In effect, dueh® lbw quality of signal derived from at least aighe
acquisition techniques, a half of the recording.190 of the total signal length) was removed from th
process of kr accuracy assessment. Pieri et al. [18] analyzgg ldataset of abdominal recordings and
obtained success rate of around 65% (the succieswas defined as the percentage of the total dewpr
time during which valid FHR data, averaged over @osild be produced). This value was very simiar t
the results obtained in our study (36% signal lass for abdominal signals), nevertheless, ourysisl
was performed on a beat-to-beat basis. Bettertseswdre noted by Guerrero et al. [5], who reported
sensitivity of QRS detector equal to 89%, which nsethat only 11% of QRS complexes were not
recognized. However, the R-wave location error {wiference to R-waves manually marked) was as
high as 11.96 ms, with standard deviation 9.56 ms.
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The remaining verified pairs ofgk values were a basis for the main analysis of tualf
abdominally acquired FHR signals. However, the nofign used accuracy measure is the mean absolute
difference between correspondingglintervals. This parameter was equal to 4.25 m30(bpm) on
average. The mean absolute errors as well as sthdéaiations were very similar for all recordings,
except for recording 2, where obtained error valuese considerably higher. Most likely it was calise
by variability of signal shape related to biphaQRS complexes being observed in abdominal FECG
signal. The inaccuracy of R-wave localization resililin noticeably higher errors while comparing the
Tgrr vValues derived from both methods.

The obtained error value of 1.30 bpm indicates thataccuracy of indirect FECG is similar to the
Doppler ultrasound acquisition method evaluated9 where the mean absolute error of interval
measurement was equal to 0.89 bpm. It confirms é¢van at current stage of its development, the
abdominal electrocardiography offers accuracy eajait to Doppler ultrasound method [8]. What is
more, the indirect electrocardiography has a nunatbexdvantages over the ultrasound technique. The
Doppler fetal monitor is unsuitable for long-termlaulatory use and the transducer has to be cofiifinua
repositioned to ensure that the fetal heart isiwithe ultrasound beam. Abdominal FECG technique is
completely passive and uses standard electrodesh wieans that it can be used for long-term reogrdi
without the presence of trained operators. Add#ilyn an analysis of morphology of FECG (for exaepl
the ST segment changes) may result in a complatlyquality of diagnostic information, enabling up-
to-date verification of fetal distress, especiallyase of abnormal or suspicious signal patte2@k [
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