Received: 7 March 2022 | Revised: 10 July 2022 | Accepted: 13 July 2022

DOI: 10.1111/a0gs.14434

ORIGINAL RESEARCH ARTICLE

Quality of fetal heart rate monitoring with transabdominal fetal
ECG during maternal movement in labor: A prospective study

Catarina Reis-de-Carvalho’?

1Department of Obstetrics and
Gynecology, Medical School - Santa Maria
University Hospital, Lisbon, Portugal

2Medical School - Santa Maria University
Hospital, Lisbon, Portugal

*Biomathematics Laboratory, Institute for
Preventive Medicine and Public Health,
Lisbon, Portugal

Correspondence

Catarina Reis-de-Carvalho, Departamento
de Obstetricia, Ginecologia e Medicina da
Reproducao, Hospital de Santa Maria, Av.
Prof. Egas Moniz MB, 1649-028 Lisboa,
Portugal.

Email: catarina.carvalho@chin.min-saude.pt

| Paulo Nogueira>® | Diogo Ayres-de-Campos'-?

Abstract

Introduction: Transabdominal electrocardiographic (TAfECG) acquisition of fetal
heart rate (FHR) signals has recently been introduced into leading commercial cardi-
otocographic (CTG) monitors. Continuous wireless transmission of signals has raised
the possibility of the technology being used during maternal mobilization in labor. This
study aims to evaluate signal quality and accuracy of TAfECG acquisition of FHR sig-
nals during static and active maternal positions in labor when compared with Doppler
signals and with the gold-standard method of fetal scalp electrode (FSE).

Material and Methods: A total of 76 women with singleton term pregnancies in the
active first stage of labor had simultaneously acquired FHR with TAfECG, Doppler,
and FSE. Participants were asked to complete a supervised mobilization scheme, com-
prising five sequential 10-min periods of lying down, standing, sitting, walking, and
rocking on the birthing ball. The three FHR signals were compared, defining signal loss
as the percentage of signals under 20 bpm or exceeding 250bpm and accuracy as the
difference with FSE values. Computer analysis was used to quantify variability, accel-
erations, and decelerations. Static labor positions (lying down, standing, and sitting)
were compared with active labor positions (walking and rocking on the birthing ball).
Results: Average signal loss was 5.3% with TAfECG (3.2% in static and 7.4% in ac-
tive positions) and 15.5% with Doppler (8.3% in static and 30.7% in active positions).
Average accuracy was 3.5 bpm with TAfECG (1.9 bpm in static and 5.04bpm in ac-
tive positions) and 13.9 bpm with Doppler (3.2 bpm in static and 24.7 bpm in active
positions). Average variability was similar with TAfECG and FSE in static positions but
significantly higher with TAfECG in active positions (23.6 vs. 13.5bpm, p<0.001).
Conclusions: In static labor positions, TAfECG provides a low signal loss, similar to
that obtained with FSE, and a good signal accuracy, so the technique can be consid-
ered reliable when the mother is lying down, standing, or sitting. During maternal

movement, TAfECG causes an artificial increase in FHR variability, which can cause
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maternal movements.
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1 | INTRODUCTION

Restriction of maternal movements is considered a major limita-
tion for the generalized use of continuous cardiotocographic (CTG)
monitoring in labor. For many decades, the technique required cable
connections between sensors and the fetal monitor, thus limiting
the extent of maternal movement. Several randomized clinical trials
have shown that maternal mobilization during the first stage of labor
decreases the duration of labor and the incidence of cesarean birth.!
In addition, freedom of movement has a positive impact on women's
birth experiences.?

Over the last two decades, wireless transmission of signals from
sensors to the fetal monitor has been incorporated into several com-
mercial monitors, avoiding the need for cables and thus allowing
greater freedom of movement. More recently, non-invasive trans-
abdominal electrocardiographic (TAfECG) acquisition of fetal heart
rate (FHR) signals has been introduced into leading commercial
monitors. This technique uses electrodes applied to the maternal
abdominal skin to detect electrical signals originating from the ma-
ternal and fetal hearts and applies complex mathematical algorithms
to extract both FHR and maternal heart rate (MHR).%>* It is usually
used together with electrohysterography, a technique that captures
the electrical signals originating from myometrial cells. These recent
technological developments have raised the possibility that FHR sig-
nals may continue to be accurately monitored non-invasively while
allowing the mother freedom of movements during labor.

Some studies have evaluated the signal loss and accuracy of dif-
ferent TAfECG acquisition sensors and FHR extraction algorithms,
both before and during labor.3~® However, to the best of our knowl-
edge, the clinical performance of TAfECG during maternal move-
ment has not been previously evaluated. The aim of this study was
to evaluate the signal loss and accuracy of FHR signals acquired with
TAfECG compared with Doppler and the gold-standard method of
fetal scalp electrode (FSE) during the first stage of labor, when the

mother is adopting different positions or moving.

2 | MATERIAL AND METHODS

This prospective observational study was conducted between May
and December 2020 in the labor ward of a tertiary care university
hospital. Pregnant women were informed of the study by patient in-
formation leaflets distributed in the outpatient clinic and in labor ad-
mission rooms. Women were approached for enrolment in the labor

false reassurance regarding fetal oxygenation. Doppler signals are unreliable during

cardiotocography, fetal electrocardiogram, fetal heart rate, intrapartum, monitoring,

Key message

Transabdominal fetal electrocardiography provides good-
quality signals during the first stage of labor when women
are lying down, standing, or sitting. During maternal move-
ments, the technique provides lower signal quality, lower
signal accuracy, and an artificial increase in fetal heart rate
variability.

ward if they met the following inclusion criteria: aged >18years,
able to provide written informed consent, gestational age between
37 and 42weeks, singleton pregnancy, cephalic presentation, in
the active first stage of labor (i.e. 4-9 cm of cervical dilatation), no
contraindications to internal FHR monitoring, no abdominal skin dis-
eases, and normal CTG at the time of enrolment.

After providing written informed consent, participants were
simultaneously monitored with TAfECG, Doppler, and FSE sensors
using a triple-channel fetal monitor (Philips Avalon FM30 with CL
wireless transducer system; Philips Healthcare). A single trained op-
erated placed the TAfECG patch on the maternal abdomen following
the manufacturer's instructions. The skin was previously prepared
by washing with soap and water and then gently exfoliated at the
sites of patch attachment using medical abrasive paper. Skin im-
pedance was automatically evaluated by the fetal monitor, and skin
preparation was repeated if signal quality was inadequate. This oc-
curred in 14 participants but always before the mobilization scheme
was started, and no skin preparation was repeated at later stages.
The disposable patch (Philips Avalon CL Fetal and Maternal Patch;
Philips Healthcare) provides both FHR and MHR signals using the
height and width of the QRS complex to differentiate the different
ECG signals obtained. A wireless transmitter was connected to the
patch for signal transmission to the fetal monitor. The same opera-
tor subsequently applied a Doppler ultrasound sensor on the mater-
nal abdomen and an FSE on the fetal scalp, according to standard
clinical practice. Wireless transmission of signals was assured for all
three acquisition methods. The position of the Doppler sensor was
corrected between segments of mobilization, whenever clinically re-
quired. There was no need to reposition the TAfECG or the FSE in
any of the women during the time period evaluated.

After all sensors had been placed, women were asked to follow
a supervised mobilization scheme comprising five sequential 10-
min periods of lying down, sitting, standing, walking, and rocking
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on a birthing ball (the total time period evaluated in the study was
50min). Each type of movement was performed for 10 min, and all
signals acquired during these periods were evaluated. Suboptimal
signals were not rejected. FHR and MHR signals were recorded and
stored at 0.25s intervals, in beats per minute (bpm), rounded off to
the nearest 0.25bpm, as automatically provided by the fetal mon-
itor. Acquired signals were analyzed offline using the SisPorto 4.0
program for computer analysis of CTGs.”®

Signal loss was defined as the percentage of FHR signals below
20bpm (including periods with no signal) or exceeding 250bpm. In
addition to automatically evaluating signal loss, SisPorto 4.0 was
used to quantify variability, number of accelerations, and number
of decelerations in each 10-min segment. Stored signals were also
exported to Microsoft Excel for detailed analysis of signal accuracy
and evaluation of possible MHR contaminations of the FHR signal.
Analysis was performed by an investigator who was blinded to the
signal source. Signal accuracy was calculated as the average absolute
difference between each TAfECG and Doppler signal and its corre-
sponding FSE value. Possible MHR contamination of the FHR signal
was identified when differences between these two signals were
under 5 bpm.

Comparisons were performed for each of the five maternal
labor positions and between static positions (lying down, stand-
ing, and sitting) and active positions (walking and rocking on the
birthing ball).

Subsequent clinical management of labor was left to the attend-
ing healthcare professionals, who had access to both Doppler and
FSE signals. Maternal demographic and obstetrical data were col-
lected at the time of study enrolment, and maternal and neonatal
outcomes were collected retrospectively from the hospital's elec-

tronic patient records.

2.1 | Statistical analyses

Normal distributions were assessed using the Kolmogorov-Smirnov
test. Differences in characteristics were sought using one-way
analysis of variance and Student's t test. Means, standard deviations
(SD), and 95% confidence intervals (95% Cls) were calculated for sig-
nal accuracy.

Bland-Altman plots were created to evaluate agreement be-
tween TAfECG-FSE and Doppler-FSE values. Mean differences be-
tween two methods of measurement were calculated, as well as 95%
limits of agreement (LoA) for these differences.” LoA were deter-
mined as the mean absolute differences +1.96 SD.” Correlation was
also evaluated using the intraclass correlation coefficients (ICCs).
Values >0.85 were considered as signifying an excellent correlation,
0.50-0.85 a moderate correlation, and <0.50 a poor correlation.

For all comparisons, p-values <0.05 were considered statistically
significant. The sample size of this study had a power of 100% to find
differences between the accuracy of FSE and TAfECG. Statistical
analysis was performed using SPSS version 25 (IBM Corp.) and
Microsoft Excel 16.5.

Women who gave written
informed consent

N=101
Exclusion due to:
* Motor block from epidural analgesia that p d
maternal mobilization (n=9)
* Inability to obtain signal with TAfECG (n=2)
* Suspicious or pathological cardiotocographic tracing
(n=1)
Simultaneous monitoring
started
N=89
Exclusion due to:

+ Did not complete maternal mobilisation scheme (n=9)
» * NoDoppler data available on offline analysis (n=2)
* No FSE data available on offline analysis (n=2)

Complete monitoring data
in the five maternal
positions
N=76

FIGURE 1 Flow diagram of patient inclusions and final study
participants. FSE, fetal scalp electrode; TAfECG, transabdominal
fetal electrocardiography.

2.2 | ETHICS STATEMENT

The study was approved by the hospital ethics committee (Centro
Académico de Medicina de Lisboa, reference number 256/17 on
November 23, 2017), and all participants signed a written informed

consent form to participate.

3 | RESULTS

A total of 101 laboring women gave their consent to participate. Of
these, 76 were monitored simultaneously with the three FHR acqui-
sition techniques and successfully completed the five mobilization
periods. Acquisition failure was defined as the inability to obtain a
reasonable FHR signal after 30 minutes of attempted connections.
This occurred in two participants with the TAfECG signal (2%) and
in two others with the FSE signal (2%). In a further two participants,
triple-channel monitoring failed to record the Doppler signal. All of
these were excluded from subsequent analyses. A flow diagram of
patient inclusions is provided in Figure 1. Table 1 shows the main
demographic and obstetric characteristics of study participants.

Average signal loss for TAfECG was 5.3% +1.3 SD (3.2% in
static positions and 7.4% in active positions). Average signal loss for
Doppler was 15.5% +8.2 SD (8.3% in static and 30.7% in active po-
sitions). Signal loss was significantly lower with TAfECG than with
Doppler (p<0.0001) and significantly lower with static than with
active positions (p <0.0001).

The accuracy of TAfECG and Doppler signals compared with
the gold standard FSE is depicted in Table 2. Figure 2 shows Bland-
Altman plots for these analyses. Both techniques show excellent
agreement with FSE in static positions but not in active positions.
For TAfECG, the ICC was 0.95 (95% CI 0.91-0.98) in static positions
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TABLE 1 Main demographic and obstetric characteristics of

study participants

Demographic characteristics

Maternal age

(n =76)
30+5.3years

Gestational age 39.4+0.9 weeks
Ethnic background

White Caucasian 56 (73.6)

African origin 10(13.3)

East Asian origin 2(2.6)

South Asian origin 8(10.5)
BMI at preconception (kg/m?) 25.8 +4.5
BMI at delivery (kg/m?) 29.5+3.3
BMI category at delivery

<30kg/m? 46 (60.5)
>30kg/m? 30 (39.5)

Parity

Nulliparous 15(19.7)

Multiparous 61 (80.3)
Epidural analgesia 76
Abdominal hirsutism 6(7.9)
Abdominal stretch marks 13 (17.1)
Obstetric characteristics

Clinical chorioamnionitis 2(3)
Type of delivery

Normal vaginal 58 (76.4)

Instrumental vaginal 15 (19.7)

Cesarean 3(3.9)
Birthweight 3354+379¢g
Apgar <7 at 5 min 0
Umbilical artery pH 72117
NICU admission 0

Note: Data are presented as average +standard deviation or n (%).

Abbreviations: BMI, body mass index; NICU, neonatal intensive care

unit.

and 0.68 (95% Cl 0.65-0.71) in active positions. For Doppler, the
ICC was 0.89 (95% Cl 0.86-0.93) in static positions and 0.41 (95% ClI
0.37-0.45) in active positions.

Considering 5 bpm as an acceptable difference in accuracy be-
tween FHR acquisition techniques, TAfECG signals were inside this
margin 89.3% of the time (95% Cl 88.2-91.6). This value was 93.6%
(95% Cl1 92.9-94.3) for static positions and 84.9% (95% Cl 83.9-85.9)
for active positions. Doppler signals were inside the 5 bpm margin
78.2% of the time (74.1-83.1). This value was 92.1% (95% Cl 90.8-
93.3) for static positions and 64.3% (95% Cl 56.9-72.9) for active
positions.

Possible MHR contaminations of the FHR signal occurred in 0.8%
of TAfECG signals (0.3% in static and 1.3% in active positions) and in
9.2% of Doppler signals (2.6% in static and 15.8% in active positions).

Computer-evaluated overall average FHR variability with
TAfECG was 18.1 bpm +5.2 SD (12.6 bpm in static positions and

23.6 bpm in active positions). This parameter was 11.9 bpm +3.5
with Doppler (11.5 bpm in active positions and 12.3 bpm in static
positions). For FSE, it was 12.9 bpm +4.2 SD (12.3 bpm in static po-
sitions and 13.5 bpm in active positions). Differences were statisti-
cally significant only between TAfECG and FSE acquisition in active
positions (p <0.001).

There were no differences between the three acquisition modes
in the overall average number of computer-detected accelerations
(TAfECG 2.3, Doppler 2.2, FSE 2.8). There were also no differences
in the overall number of computer-detected decelerations (TAfECG
0.3, Doppler 0.4, FSE 0.3).

4 | DISCUSSION

During the overall 50-min evaluation period, TAfECG recordings
displayed a low signal loss and good accuracy. Doppler signals per-
formed significantly worse than TAfECG regarding these param-
eters. During maternal movement, signal quality and accuracy were
significantly worse with both TAfECG and Doppler. With the latter,
signal loss occurred 30.7% of the time, signals differed an average
of 24.7 bpm to those of FSE, and possible MHR contamination oc-
curred 15.8% of the time. With TAfECG, signal quality and accuracy
also worsened during maternal movements, and a higher FHR vari-
ability was detected.

Other studies have evaluated the signal quality and accuracy of
TAfECG signals during the first stage of labor.3-¢ Using a different
acquisition sensor, Lempersz et al. reported that TAfECG signals
were recordable 91.3% of the time during the first stage of labor
and that overall accuracy was 1.46bpm.% With a previous version
of the sensor used in the present study, Cohen et al. found that
TAfECG was more accurate than Doppler (5.3 bpm+2.4 bpm vs
10.9 bpm+5.8 bpm) and less likely to contain MHR contamina-
tion.* Also with a previous version of the sensor used in the present
study, Reinhard et al. reported better signal quality with TAfECG
than with Doppler during the first stage of labor (95.7%) and sim-
ilar values for both techniques during the second stage of labor.’
Monson et. al found that TAfECG performed similarly to Doppler
during the whole of labor but was superior to Doppler in obese pa-
tients (body mass index [BMI] >30kg/m?) regarding the duration
of interpretable FHR tracings.6 An additional benefit of TAfECG is
the continuous acquisition of MHR, allowing simultaneous display
of the two signals and an easier pickup of MHR contamination.'*?
TAfECG has well-known advantages over FSE in the early stages
of labor, as it can be started before cervical dilatation and avoids
the need for artificial rupture of the membranes, thereby reducing
the possibility of infection and other complications associated with
this procedure. It has no contraindications and may also be more
acceptable to women.

A novel finding of the present study is the higher FHR variability
of TAfECG signals during maternal movements. This suggests per-
sistent contamination of the signal by random noise, as depicted in
Figure 3. Therefore, this technology should be used with caution
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TABLE 2 Accuracy of fetal heart

. TAfECG vs FSE
rate measurements when comparing
transabdominal fetal electrocardiography Limits of agreement
(TAfECG) and Doppler signal with the gold Average
standard of fetal scalp electrode (FSE). difference (bpm)  SD 95% Cl Lower Upper
The average difference was computed as Overall 35 53 1.88-4.12 ~6.9 139
an absolute number. . .
Static positions 1.9 3.7 0.34-1.67 -5.4 9.2
Lying down 1.8 3.7 0.33-1.67 -5.5 9.1
Sitting 1.7 4.1 0.1-1.9 -6.3 9.7
Standing 2.2 34 1.33-2.67 -4.5 8.9
Active positions 5.04 6.9 3.65-6.35 -8.5 18.6
Walking 3.6 4.3 2.1-3.9 -4.8 12
Birthing ball 6.5 9.5 3.98-8.02 -12.2 251
Doppler vs FSE
Overall 13.9 7.5 11.4-14.6 -0.8 28.6
Static positions 3.2 2.5 2.55-3.45 -1.7 8.1
Lying down 2.4 2.2 1.55-2.45 -1.9 6.7
Sitting 2.8 2.2 1.55-2.45 -1.5 71
Standing 4.4 3.1 3.33-4.67 -1.7 10.4
Active positions 24.7 12.4 21.3-26.7 0.8 48.6
Walking 18.4 11.7 15.5-20.5 -4.5 41.3
Birthing ball 31 13.1 28.1-34 5.3 56.7

Abbreviations: bpm, beats per minute; Cl, confidence interval; SD, standard deviation.
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FIGURE 3 Cardiotocographic signals simultaneously acquired from the same fetus by transabdominal fetal electrocardiography
([TAfECG] top tracing in red) and fetal scalp electrode (bottom tracing in blue). Maternal heart rate signals are also displayed in light green on
the top tracing. The blue and red vertical bars delimit a 10-min (minute) period of maternal walking. Higher fetal heart rate variability can be
seen in signals acquired by TAfECG. ECG, electrocardiogram; MHR, maternal heart rate; min, minute.

during maternal mobilization, as it may give false reassurance re-
garding fetal oxygenation. The most likely origin of this contam-
ination is the contraction of maternal striated abdominal muscles.
Other studies have alluded to a possible contamination of electrical
signals arising from maternal muscles in the acquisition of TAfECG
signals during the second stage of labor.**'* In particular, TAfECG
signals have also been reported to be of lesser quality during mater-
nal pushing.®

The lower FHR variability detected by Doppler signals than by
TAfECG during maternal movements can be partly explained by the
fact that computer systems use filters to clean short-lasting FHR sig-
nals distant from the baseline as well as MHR contaminations.

Another original finding of the present study was the alarmingly
high signal loss (30.7%) and reduced accuracy of Doppler signals
(average difference 24.7 bpm) acquired during maternal movements,
mostly caused by MHR contamination (affecting 15.8% of signals).
Signal loss is well above the acceptable threshold of 20% proposed
by the International Federation of Obstetrics and Gynecology.15
Overall signal loss with Doppler in labor has been reported to
range between 10% and 40%, but previous studies did not explic-
itly describe the type of maternal movements that occurred during
acquisition.r>7

Failure of TAfECG signal acquisition was similar to that with
FSE (2%). However, further studies are needed to evaluate whether

results are similar when multiple operators are involved in signal ac-
quisition and whether it is influenced by maternal characteristics.
One of the limitations of this study is that its population con-
sisted mainly of white women with moderate BMI. Increasing BMl is
known to affect the Doppler signa\lis’17 but not the TAfECG signal,6
so higher differences in signal quality between the two methods
would be expected in a high-BMI population. On the other hand,
increased skin impedance has been reported in women of African

and Asian descent,'®?

suggesting a lower quality of TAfECG signals
in these populations. Also, the majority of the study population were
multiparous, had an epidural analgesia, and had a vaginal delivery,
which may not represent most laboring women in some settings.
The results are also limited to term pregnancies, as it is known that
a poorly conductive layer (vernix caseosa) forms on the fetal body
surface between the 28th and the 34th week of gestation, affecting
the quality of TAfECG signals.®?

A further limitation was the lack of a standardized approach
for readjustment of the Doppler sensor during maternal mobiliza-
tion. The quality of Doppler signals depends on the commitment
of healthcare professionals to readjusting the sensor, particularly
during long periods in labor. This is less practical during maternal
walking or rocking on the birthing ball. The hypothesis of self-
adjustment of the sensor by the mother was not evaluated. All
TAfECG signals were acquired by the same experienced operator,
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