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ABSTRACT

Background: Antenatal fetal heart rate (FHR) monitoring is currently limited by hospital-based
accessibility as well as the availability of relevant equipment and expertise required to position
device electrodes. Ambulatory FHR monitoring in the form of noninvasive fetal electrocardiog-
raphy (NIFECG) is currently an area of research interest, particularly during the era of the COVID-
19 pandemic, and the potential to improve maternity care and reduce hospital attendances
need to be evaluated.

Objectives: To assess the feasibility, acceptability, and signal success of ambulatory NIFECG
monitoring and identify research areas required to facilitate clinical utilization of this method of
monitoring.

Methods: Medline, EMBASE, and PubMed databases were searched from January 2005 to April
2021 using terms relevant to antenatal ambulatory or home NIFECG. The search was compliant
with PRISMA guidelines, and was registered with the PROSPERO database (CRD42020195809).
All studies reporting the clinical utilization of NIFECG inclusive of its use in the ambulatory set-
ting performed in the antenatal period, human studies, and those in the English language were
included. Those reporting novel technological methods and electrophysiological algorithms, sat-
isfaction surveys, intrapartum studies, case reports and reviews, and animal studies were
excluded. Study screening and data extraction were conducted in duplicate. Risk of bias was
appraised using the Modified Downs and Black tool. Due to the heterogeneity of the reported
findings, a meta-analysis was not feasible.

Results: The search identified 193 citations, where 11 studies were deemed eligible for inclu-
sion. All studies used a single NIFECG system with a duration of monitoring ranging from 5.6 to
21.4h. Predefined signal acceptance threshold ranged from 34.0-80.0%. Signal success in the
study populations was 48.6-95.0% and was not affected by maternal BMI. Good signals were
achieved in the 2nd trimester, but less so in the early 3rd trimester. NIFECG was a well-accepted
method of FHR monitoring, with up to 90.0% of women’s satisfaction levels when worn during
outpatient induction of labor. Placement of the acquisition device needed input from healthcare
staff in every report.

Conclusions: Although there is evidence for the clinical feasibility of ambulatory NIFECG, the
disparity in the literature limits the ability to draw firm conclusions. Further studies to establish
repeatability and device validity, whilst developing standardized FHR parameters and set evi-
dence-based standards for signal success for NIFECG are required to ascertain the clinical benefit
and potential limitations of ambulatory outpatient FHR monitoring.
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Introduction high intra and inter-observer variation, and does not
reduce the rate of perinatal mortality compared to
pregnancies that did not have CTG monitoring [1]. In

contrast, computerized CTGs (cCTG) have been shown

Antenatal cardiotocography (CTG), which is based on
Doppler ultrasound, and its visual interpretation is cur-

rently the mainstay of fetal heart rate (FHR) monitor-
ing in the antenatal period. Despite this, it is limited
by a lack of stringent guidelines for interpretation,

to reduce the rate of perinatal mortality compared to
traditional antenatal CTGs [1]. Access to, and fre-
quency of cCTG remains limited by the accessibility
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and availability of relevant equipment and expertise. In
high-risk pregnancies that require intensive surveillance,
difficulty in accessing the adequate level of healthcare
prevents the women from receiving appropriate inter-
ventions, increases the chances of adverse outcomes
and poses a strain on the healthcare system.

Telemedicine is a rapidly developing field, striving
to provide women with the equipment that allows
fetal assessments in the comfort of their own homes,
simultaneously giving rise to early identification of dis-
ease deterioration whilst reducing hospital attendance
and healthcare burdens [2,3]. In the era of the COVID-
19 pandemic, such methods can potentially decrease
the exposure of susceptible pregnant women to the
high-risk hospital setting. Due to the difficulties of reli-
ably monitoring the FHR using Doppler ultrasound
without the expertise of a healthcare professional,
home FHR monitoring obtained by another technol-
ogy is a much-desired area that is yet to be devel-
oped. For instance, noninvasive fetal
electrocardiography (NIFECG) offers a promising pro-
spect into the development of this technology, where
abdominal electrocardiography (ECG) can be per-
formed to simultaneously detect both the maternal
and fetal heart rates through the detection of QRS
complexes and derivation of RR intervals. Nonetheless,
before this application, current studies have shown
the potential of NIFECG to be performed in an ambu-
latory setting. Existing systematic reviews have
assessed the use of NIFECG in high-risk pregnancies in
a hospital setting, but none has so far evaluated the
feasibility or clinical utility of ambulatory NIFECG [4-6].

Our aim is to systematically review all studies on
NIFECG monitoring in an out-of-hospital setting with
specific regard to FHR signal success, acceptability to
women, need for hospitalization and frequency of
monitoring. We also aim to identify aspects of further
guidance and research required to allow feasible clin-
ical application of ambulatory NIFECG monitoring.

Materials and methods

This review was performed in accordance with the
prior protocol designed for systematic reviews.
PRISMA guidelines were followed in the conduct of
this review [7], and this was registered with the
PROSPERO database (Registration number:
CRD42020195809). The inclusion criteria were studies
assessing the clinical utilization of NIFECG inclusive of
its use in the ambulatory setting performed in the
antenatal period, human studies, those in the English
language, and due to the novelty of this monitoring,
studies which took place from January 2005 to April

2021. The exclusion criteria included research into novel
engineering models or materials and electrophysio-
logical algorithms, satisfaction surveys, intrapartum stud-
ies, case reports and reviews, and animal studies.

A systematic, electronic search by two independent
reviewers (BL and AR) was performed using PubMed,
MEDLINE, and EMBASE databases in April 2021. Search
terms “ambulatory AND fetal ECG,” “home AND fetal
ECG,” and “continuous AND fetal ECG" were used to
identify the literature. Terms  “foetal” and
“electrocardiography” were used in place of “fetal” and
“ECG” respectively. Duplicates and articles not in keep-
ing with the inclusion criteria were excluded during
the screening process (Figure 1).

All abstracts were reviewed independently by
authors BL and AR, and an agreement on full-text
articles for review and inclusion was reached through
a consensus. All studies where both inpatient and
ambulatory monitoring signals were reported in con-
junction were also excluded. Any discrepancies were
discussed by the reviewers, and when required, a final
decision was reached by a third reviewer (BT). Data
were extracted independently by the two reviewers
and compared for consistency. Studies that reported
on both inpatient and ambulatory data, with the pri-
mary outcome reported separately in both groups
were included, and only the data from the ambulatory
groups extracted [8,9]. Due to the heterogeneity of
data and nature of the studies available in this
research field, a meta-analysis was not feasible.

The primary outcome sought for this review was
the signal acceptance threshold and signal success as
defined by the authors in the ambulatory setting.
Secondary outcomes included the duration of moni-
toring required (hours), influence of maternal and fetal
characteristics on signal quality (body mass index, ges-
tational age, fetal presentation), FHR parameters (base-
line, accelerations, measure of variability) in the
ambulatory setting and its influential factors, accept-
ability of ambulatory NIFECG by women and its safety,
and other limitations of the device.

Signal acceptance threshold is the minimum per-
centage of R waves present in a trace, or the min-
imum epochs containing R waves to consider the
trace interpretable, and hence acceptable for analysis.
Signal success was either proportion of traces that
met the pre-defined signal acceptance threshold, or
the proportion of each trace with an acceptable signal
in the study population, depending on author defini-
tions. Gestational ages were grouped into 2" trimes-
ter (up to 28weeks), early 3 trimester (28 to 32-
34 weeks), and late 3™ trimester (after 34 weeks). FHR
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Figure 1. PRISMA flow diagram displaying the numbers of studies identified and screened, reasons for exclusion, the studies

assessed for eligibility, and the final studies included.

parameters includes baseline FHR, accelerations and
measure of variability - inclusive of short-term variabil-
ity (STV) and root mean square of successive differ-
ence (RMSSD), as both evaluate the variability of the
heart rate.

Quality assessment was performed using the
Modified Downs and Black checklist [10], where the
quality of the observational studies was scored on a
10-point scale. These are scored on adequate report-
ing of the study aims, outcomes, participant character-
istics, findings, and random variability estimates as
well as the statistical probabilities. External and
internal validities in the form of participant representa-
tion, statistical tests, and outcome measures used
were also scored. Both reviewers BL and AR reached a
consensus on the scoring of all papers.

Results

The literature search yielded 193 citations, and 124
records were screened following the removal of dupli-
cates. The PRISMA diagram (Figure 1) demonstrates

the process and reasons for exclusion. 11 full-text
articles that were deemed eligible for the systematic
review. Figure 2 summarizes the scores given by both
authors in the quality assessment of the studies.

The study characteristics, sample size, signal meas-
urement, acceptance threshold, and success, together
with the duration of monitoring are outlined in
Table 1, which differed between author definitions in
all studies. All studies used the Monica AN24 device.
The time between the R-wave of consecutive fetal
QRS complexes in the ECG signal is used to calculate
the FHR. Each 2-s epoch is checked for a minimum of
two consecutive maternal and fetal ECG complexes. If
present, these complexes enable a heart rate to be
calculated for that epoch, where the heart rates are
averaged [11]. The duration of the recording is
assessed in one-minute epochs. Heart rate is reported
for this epoch only if valid RR intervals can be deter-
mined for at least 30s. The success rate is automatic-
ally calculated by the signal analysis software for each
minute of recording as the sum of durations of all
detected beat-to-beat intervals divided by the entire
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Figure 2. Downs and Black scoring for the assessment of quality in all included studies. Scores were reached through a consensus
by both authors out of a total of 10 points.

Table 1. Description of study characteristics, signal success and duration of ambulatory NIFECG monitoring in all included cohort

studies.
Sample Signal acceptance % of traces with

Author & Year Location Study Population size threshold successful signal Duration (hours)

Rauf Ambulatory only Low-risk term outpatient 70 >70% 89% 10.6 hr
2011 inductions

Kapaya Ambulatory only Singleton pregnancies at 61 >80% of the trace 100% 20 hr
2018 >24weeks duration in each of

the 3 consecutive
30 min periods

Lucchini Ambulatory only Primigravida at 42 >70% 55% of traces met 5.6-9.5 hr

2020 34-36 + 6weeks threshold, or had
complete data >5hr

Stone Ambulatory only Low-risk pregnancies at 30 >50% 97% 8.7hr
2017 36-38weeks

Kapaya Ambulatory only SGA pregnancies at 35 >50% 49% 17.4hr
2019 >24weeks

Huhn IP and/or ambulatory Low-risk pregnancies at 63  Not pre-defined Median 76% of the trace 18.7 hr
2017 20-40weeks duration

Graatsma IP and/or ambulatory Singleton pregnancies at 110 >60% 82% 15hr
2009 20-40weeks

Crawford Ambulatory only Singleton pregnancies at 19  >60% 83.3% 21.4hr
2018 >24weeks

Sletten Ambulatory only Low-risk pregnancies at 48 >34% 79.4% 18.5hr
2018 >24weeks

Sletten Ambulatory only Singleton pregnancies not in 12 Not pre-defined 73% of the trace 18.8 hr
2016 labor duration

Sletten Ambulatory only Women with pre-pregnancy 40 >34% 79.3% 20.4 hr
2019 diabetes at 28 and

36 weeks

Signal acceptance threshold is the pre-defined minimum percentage of R waves, or epochs with the required number of R waves, in each trace to allow
analysis. % of traces with successful signal indicates the percentage of signals acquired in the population, or the percentage of trace that met the signal
acceptance threshold. IP: inpatient; SGA: small for gestational age; sec: second; min: minute; hr: hour.

length of the reference period (60s), expressed as a
percentage [9]. Studies reported either the percentage
of the total duration containing valid fetal heart
rate data or the proportion of the traces passing

pre-defined thresholds for durations over which the
fetal heart rate data were missing.

Signal acceptance threshold ranged from 34.0-
80.0% [8,12-19] whilst other authors did not set a



threshold [9,20] (Table 1). Individual components of
the cardiac cycle were not assessed in the studies
included. The signal success ranged from 48.6-95.0%.
The duration of monitoring in the studies ranged from
5.6-21.4h [8,9,13-20].

Few studies analyzed the impact of maternal and
fetal characteristics on signal success, such as body
mass index (BMI), gestation, diurnal variation, maternal
activity and position, and fetal size and presentation
(Table 2). Maternal BMI and fetal presentation did not
affect signal success [8,9,17,20]. The signal was better
acquired at night than during the day, and whilst
recorded at rest [8,17,18]. Higher signal success was
obtained with the mother in the supine compared to
the upright position, and fetal size did not impact the
quality of the recording [9]. Signal success was high in
the 2"¢ trimester, lowest in the early 3™ trimester,
with gradual improvement in the late 3 trimester
(78.9, 29.8, and 49.6% in 2", early 3™ and late 3 tri-
mesters, respectively, p <0.001) [8,9,18,20]. Crawford
et al. did not find any significant differences between
the gestations (p=0.05) [17], which may have been
attributed to the smaller sample size.

Baseline FHR was higher during the day compared
to night time, higher in the 2" trimester compared to
the 3" trimester, was lower in 1F (quiet sleep) com-
pared to 2F (active sleep) fetal sleep states, and was
not affected by gender or maternal activity [12-
14,16,20]. Kapaya et al. reported fewer accelerations

THE JOURNAL OF MATERNAL-FETAL & NEONATAL MEDICINE . 5

during the day, and no gender influence [12].
Conflicting findings were reported by different authors
on the influence of time of the day, fetal behavioral
states and gender on FHR variability [12-14,16].
Sletten et al. reported that FHR variability was reduced
in the 2" compared to the 3™ trimester, and was not
influenced by maternal activity [16].

Clinical application

Rauf et al. reported clinical feasibility of NIFECG use in
the outpatient setting on low-risk women undergoing
home induction of labor with high rates of signal suc-
cess in the study population (89.0%) [19]. Kapaya et al.
achieved a 49.1% overall signal success, but this
improved to 94.0% at nighttime whilst the woman
was at rest [18]. Graatsma et al. achieved an overall
signal success of 82.0%, with a median of 95.0%
epochs with available data in the ambulatory group®.
It was concluded that the signal success was not dis-
similar between the inpatient and outpatient monitor-
ing groups (91.9 vs 95.0%, p =0.15), even though one
study suggested that the ambulatory group yielded
superior quality traces than the inpatient group (76.1
vs 45.5%, p < 0.001) [8,9].

Few authors assessed women'’s satisfaction levels
with regard to wearing the Monica AN24 monitor
[8,17-19]. 90.0% of women were satisfied when wear-
ing the Monica AN24 during outpatient induction, and

Table 2. Summary of effects of maternal and fetal characteristics on signal success and fetal heart rate parameters.

FECG feature Maternal/fetal characteristics

Sub-characteristics Effect

BMI® [9,17,20]
Gestation

Signal success

Time of day
Maternal activity
Maternal position

Fetal size[9]

Fetal presentation [8,9]

Diurnal variation (day vs night) [12,16,20]
Gender (male vs female) [12,16]
Gestation (2nd vs 3rd trimester) [16]
Fetal sleep state (1F vs 2F) [13,14]
Maternal activity[16]

Diurnal variation (day vs night) [12]
Gender (male vs female) [12]

Diurnal variation (day vs night) [12,16]
Gender (male vs female) [12,16]
Gestation (2nd vs 3rd trimester) [16]
Fetal sleep state (1F vs 2F) [13,14]
Maternal activity'®

Baseline FHR

Accelerations

Measure of variability

Consistently unchanged

2nd trimester [8,9] Consistently increased

Early 3rd trimester [8,9,17,18,20] Decreased
Late 3rd Increased
trimester [8, 9,17,18,20]
Day [9, 17,18] Consistently decreased

Night' [9,17,18]
Overall [17,18]
Rest[17,18]

Consistently increased
Consistently decreased
Consistently increased

Upright[9] Decreased
Supine[9] Increased
Unchanged

Consistently unchanged
Consistently increased
Variable

Increased

Consistently decreased
Unchanged

Decreased

Unchanged

Variable

Variable

Decreased

Variable

Unchanged

Consistently increased, decreased, or unchanged indicates all papers referenced presented the same findings. Decreased, increased, or unchanged states
that the majority of papers referenced found this effect, but with other effects stated by a minority of papers. Variable indicates no consistency between
the reported effects. FECG: fetal electrocardiogram; FHR: fetal heart rate; BMI: body mass index; 1F: quiet fetal sleep; 2 F: active fetal sleep.
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the awareness of being telemetrically monitored pro-
vided reassurance [19]. Up to 80.0% of women found
the device comfortable, but the skin irritation rates
were as high as 55.0% [17]. Participants also reported
that the wires were cumbersome and affected daily
activities and caused some sleep disturbance, and
70.0% felt that improvements could be made to this
device [17,18].

Discussion

Our study assesses the feasibility and clinical utility of
antenatal NIFECG in the ambulatory setting. Evaluation
of signal success is limited by the heterogeneity of the
signal acceptance threshold set by the authors, and as
the device required placement and removal by health-
care professionals, the frequency of hospital attend-
ance was not reduced. NIFECG signals were not
affected by maternal BMI or fetal presentation, super-
ior recordings were achieved when women were rest-
ing, with lower signal success in the early 3™
trimester. This method of monitoring was generally
acceptable to women, except for occasional irritation
from electrodes and the perceived need to allow more
freedom of movement. No safety issues were reported
with the use of NIFECG.

Clinical potential for NIFECG

NIFECG is currently an area of research interest as it
has the potential to offer various additional benefits
to the current FHR monitoring techniques using a
CTG. No energy is delivered through the ECG electro-
des, which allows for safe and long periods of moni-
toring. Signal processing techniques allow for a more
precise FHR pattern derivation using RR interval calcu-
lation, whilst minimizing confusion with the MHR [21].
Algorithms developed over the years have incorpo-
rated the calculation of key computerized CTG param-
eters such as the STV, noninvasive electrophysiological
assessments (NIEA) of the cardiac morphology, such as
cardiac time intervals (CTI), and the ability to assess
cardiac arrhythmias, rather than FHR alone.

Existing NIFECG technology and comparison with
existing literature

Fetal ECG allowed for one of the earliest forms of FHR
detection, with Southern et al. describing its ability in
the detection of intrauterine hypoxia through the ana-
lysis of its waveform patterns as early as 1957 [22].
Due to the complexity of fetal ECG, high rate of signal

interference and poor signal success, CTG became the
preferred method of monitoring [23]. A recent system-
atic scoping review published by Tamber et al.
assessed various methods of antenatal continuous
fetal monitoring, which required prolonged monitor-
ing in a hospital setting, and the authors concluded
that due to the inter and intra-device variability, no
design is advantageous and that it cannot yet be
strongly recommended as a method of routine moni-
toring [4].

Wireless models of the NIFECG such as the Monica
AN24 system are no longer valid for antenatal use, but
have been able to offer real-time computation of FHR,
which can be accessed telemetrically on hospital data-
bases while the woman returns home with the device
[18,19]. The design of the Monica AN24 comprises of
5 abdominal ECG electrodes which connects to an
internal processor [24]. The device is fitted and
removed by healthcare professionals and prolonged
monitoring times were needed as the women were
not able to re-apply and re-activate the device without
medical assistance. In order to achieve a reduction in
hospital attendance and increase the frequency of
monitoring in high-risk women, a NIFECG device
allowing for easy application and removal by women
without assistance is required. This will enable shorter
monitoring times and therefore less skin irritation and
interference with daily activities should incorporate
an alert system on the smartphone application to
inform the mothers of when Obstetric advice needs to
be sought.

NIFECG signal standards

Numerous methods of signal evaluation have been
used by authors in this review. Signal acceptance
thresholds were either determined through in-built
algorithms or derived from FHR interpretation criteria
intended for CTG use [8,18]. Other studies assessing
signal success in inpatient cohorts that were not
included in this review have used other signal process-
ing criteria such as the FIGO guidelines (>80.0%),
which was also set for CTG monitoring [25,26]. None
of these specific thresholds have a justification. We
would argue that signal success should be the ability
to acquire 60 min of interpretable data (successive R-R
waves to calculate instantaneous heart rate) regardless
of the duration of recording, as NIFECG have the
benefit of low energy emission and can therefore
allow longer periods of monitoring than antenatal
cCTGs. The purpose is to identify fetuses in an active
state (good variability) because studies of healthy



fetuses have demonstrated episodes of low variation
lasting up to 50 minutes [27]. Prolonged periods of
low variability are increasingly likely to signify a fetus
that is unwell, rather than the physiological quiescent
fetal state. For the same reason, the Dawes-Redman
criteria mandate a duration of 60 min to reliably iden-
tify an abnormally low variability [28].

Clinical factors affecting NIFECG monitoring

Difficulties with signal success in mothers with raised
BMI is frequently encountered in CTG monitoring,
whilst NIFECG has shown that maternal habitus does
not impact on the trace quality [8, 9,17,20,29]. Early 3™
trimester traces generally had a high rate of signal
dropout, due to the development of the insulating ver-
nix caseosa, which improved in the late 3™ trimester
once the cardiac mass increased and the vernix to
body surface ratio reduced [8,9,18,20,25]. Despite this
method of monitoring being feasible in the fully ambu-
latory state, most results have shown that recording
quality is superior when the mother is at rest, which
can be achieved if shorter periods of monitoring than
those used in the studies in this review were feasible
[9,17,18]. Further studies assessing signal success using
standardized signal criteria, together with multivariate
logistic regression analysis to assess the true relation-
ship of the maternal and fetal characteristics which
may influence signal success are required.

Accuracy of NIFECG monitoring

Currently, no studies have set out to assess the
repeatability and reproducibility of NIFECG. Research
should assess whether the same traces can repeatedly
produce the same parameters when analyzed more
than once using the same processing algorithm.
Following this, NIFECG parameters must be validated
against simultaneous cCTG recordings (gold-standard)
to assess the comparability of all FHR parameters. So
far, research has only evaluated the correlation of FHR
between simultaneous NIFECG and CTG measurements
using a traditional CTG machine [30]. Other measures
of fetal autonomic state such as phase-rectified signal
averaging (PRSA) may also be beneficial in the assess-
ment of fetal hypoxemia [31,32]. However, further
research is still required to establish its range of nor-
mality, and its use in the ambulatory setting. The reli-
ability in the detection of deteriorating fetal states
should also be established in women with pregnancies
complicated by fetal hypoxemia, such as fetal growth
restriction. Verified FHR indices (e.g. STV) produced by
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the NIFECG prior to the need for delivery as indicated
by our current monitoring methods can then be used
to create an alert system to indicate a need for action,
thereby aiming to reduce false reassurance or
unnecessary anxiety.

Strengths and limitations

Although few of the studies have been included in a
recent review [4], our paper specifically focuses on the
feasibility of NIFECG in the remote setting. It is limited
by the heterogeneity of signal assessment and signal
acceptance threshold across the studies, and therefore,
a concrete conclusion cannot be drawn from the avail-
able data. Different outcomes were assessed in each
study, which limits the numbers of studies which
reported on the outcomes assessed in this review, and
is further restricted by a lack of standardized reporting
criteria. Furthermore, the current design of the NIFECG
monitors does not allow for frequent home measure-
ments, nor a reduction in hospital attendance. The
observational nature and design of some of the stud-
ies render the evidence quality at moderate to high
risk of bias. Despite these limitations, we have been
able to identify the specific areas where further
research is required, and the developments needed to
facilitate the clinical utilization of ambulatory NIFECG.

Conclusions and implications

Current studies in ambulatory NIFECG have shown
promising results for clinical utility, but the disparity of
the current evidence limits the ability to establish clin-
ical feasibility. We suggest a yardstick for defining an
interpretable fetal monitoring trace using NIFECG.
Repeatability and validation of the device, as well as
standardization of the FHR parameters and success cri-
teria, needs to be established. New NIFECG design
which allows women to apply and remove them on
their own can overcome the long monitoring times
and hospital attendance. Irrespective of these limita-
tions, we demonstrate steps made toward an exciting
and novel area of telemedicine, which can have the
potential to significantly improve the delivery of
maternity care.
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