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Abstract
Objective: Establish whether the reliable measurement of cardiac time intervals of the fetal ECG can be automated and

to address whether this approach could be used to investigate large datasets.

Design: Retrospective observational study.

Setting: Teaching hospitals in London UK, Nottingham UK and New York USA.

Participants: Singleton pregnancies with no known fetal abnormality.

Methods: Archived fetal ECG’s performed using the MonicaAN24 monitor. A single ECG (PQRST) complex was gen-

erated from 5000 signal-averaged beats and electrical cardiac time intervals measured in an automated way and manually.

Main Outcome measure: Validation of a newly developed algorithm to measure the cardiac time intervals of the fetal

ECG.

Results: 188/236 (79.7%) subjects with fECGs of suitable signal:noise ratio were included for analysis comparing manual

with automated measurement. PR interval was measured in 173/188 (92%), QRS complex in 170/188 (90%) and QT inter-

val in 123/188 (65.4%). PR interval was 107.6 (12.07) ms [mean(SD)] manual vs 109.11 (14.7) ms algorithm. QRS duration

was 54.72(6.35) ms manual vs 58.34(5.73) ms algorithm. QT-interval was 268.93 (21.59) ms manual vs 261.63 (36.16) ms

algorithm. QTc was 407.5(32.71) ms manual vs 396.4 (54.78) ms algorithm. The QRS-duration increased with gestational

age in both manual and algorithm measurements.

Conclusion: Accurate measurement of fetal ECG cardiac time intervals can be automated with potential application to

interpretation of larger datasets.
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Introduction
Non-invasive fetal ECG (fECG) acquired by signals gener-
ated using maternal abdominal electrodes is not utilised
routinely in clinical practice for assessment of suspected
arrhythmia or measurement of the electrical cardiac time
intervals (CTI).1–8 Signal to noise ratio remains the main
barrier to clinical application. Current guidelines recom-
mend fetal echocardiography but acknowledge interest in
emerging technologies, including fECG.9

Echocardiography is the dominant non-invasive modal-
ity used to assess fetal heart structure, function and rhythm.
This has the advantage of convenience, but uses mechanical

1Department of Women and Children’s Health, King’s College London,

London, UK
2Department of Pediatrics, Columbia University Medical Center, Morgan

Stanley Children’s Hospital, New York, USA
3Department of Psychiatry, Columbia University, New York, USA
4Department of Fetal cardiology, Evelina London Children’s Hospital,

London, UK
5School of Cancer and Pharmaceutical Sciences, King’s College London,

London, UK
6Faculty of Engineering, University of Nottingham, Nottingham, UK

Corresponding author:
Dr Maristella Luccinni, Columbia University Medical Center, New York

State Psychiatric Institute, 1051 Riverside Dr, Unit 40, New York, NY

10032

Email: ml3551@cumc.columbia.edu

Creative Commons Non Commercial CC BY-NC: This article is distributed under the terms of the Creative Commons Attribution-

NonCommercial 4.0 License (https://creativecommons.org/licenses/by-nc/4.0/) which permits non-commercial use, reproduction and

distribution of the work without further permission provided the original work is attributed as specified on the SAGE and Open Access page (https://us.

sagepub.com/en-us/nam/open-access-at-sage).

Applications of waveform analysis in cardiovascular disease – Original Research Article

JRSM Cardiovascular Disease

Volume 11: 1–11

© The Author(s) 2022

Article reuse guidelines:

sagepub.com/journals-permissions

DOI: 10.1177/20480040221096209

journals.sagepub.com/home/cvd

https://orcid.org/0000-0002-4060-2714
https://orcid.org/0000-0001-8585-5363
https://orcid.org/0000-0001-6568-8035
mailto:ml3551@cumc.columbia.edu
https://creativecommons.org/licenses/by-nc/4.0/
https://us.sagepub.com/en-us/nam/open-access-at-sage
https://us.sagepub.com/en-us/nam/open-access-at-sage
https://us.sagepub.com/en-us/journals-permissions
https://journals.sagepub.com/home/cvd


rather than electrical events to assess rhythm, limiting infor-
mation on the electrical cardiac time intervals and cardiac
repolarisation. Alternative techniques including magneto-
cardiography (fMCG) are not widely available, expensive
and require magnetic shielding. A further drawback is an
inability to monitor fetal cardiac rhythm over prolonged
periods where paroxysmal arrhythmias or response to pre-
natal therapy could be assessed.

A device that accurately separates the fECG from the
dominant maternal ECG (mECG) signal would be valuable
in clinical practice in the management of the fetus with
arrhythmia, congenital heart disease (CHD) and conditions
predisposing to stillbirth, through longitudinal community/
home monitoring. Optimal application would be similar to
the use of the Holter monitor. The fECG could inform man-
agement and identify red flags that may signify or prevent
disease progression.

Advances in signal processing, powerful real time
microprocessors and low noise analogue electronics have
increased availability of non-invasive portable devices
with the ability to isolate the fECG signal independently
of the mECG. Refining the signal with filtering, processing
and amplification techniques produces a complex where
fetal P, QRS and T components may be identified. These
techniques have sparked renewed interest with several
papers looking at the CTI and heart rate variability.1–8,10

The current “gold standard” for ECG interpretation is
manual analysis, but this requires expertise and is not feas-
ible for large datasets. This study therefore aimed to estab-
lish whether fetal CTI measurement can be automated.
Automated measurement is in place in postnatal practice
and would have the potential to improve utility of this
approach before birth. Additionally, the technique may
reduce operator bias or skewed interpretation. We report
the results of such a comparison.

Design and setting
This retrospective observational study investigated the fECG
from 236 participants recruited from Guy’s and St Thomas’
Hospital NHS Foundation Trust and Queen Charlotte’s and
Chelsea Hospital (London, UK) (REC approvals:15/WM/
0017,16/LO/0839). Nottingham University Hospital
(Nottingham, UK) (REC approval: 08/H0707/21). Midland
office, Rapid City and Sanford Health, Sioux Falls (South
Dakota, USA(7)). Ethical approval was obtained from
Sanford Health, the Indian Health Service, and New York
State Psychiatric Institute(NYSPI) (IRB approvals:
CR00000266,5338). NYSPI approval was obtained to
analyse de-identified data collected at Sanford Health. Data
was collected between November 2007 and March 2011 in
Nottingham, March 2015 and November 2018 in Guy’s and
St Thomas’ Hospital and April 2015 and December 2017 in
Queen Charlotte’s and Chelsea hospital. Data was collected
between December 2011 and August 2015 in the USA.

Participants
Participants provided either a 30–60 min clinic recording or
12–16 h overnight recording whilst at home/as a hospital
inpatient. Inclusion criteria were singleton pregnancies
with gestational age (GA) 20–40 weeks (median 34.9
weeks, IQR 32.1–36.0 weeks) in women aged ≥18 years.
Exclusion criteria were multifetal pregnancies and known
fetal CHD.

The majority of participants had healthy pregnancies
(68.6%, 162/236). The remainder had a medical/obstetric
history including: intrahepatic cholestasis of pregnancy,
diabetes mellitus, hypertension, hyperthyroidism, hypothy-
roidism, antiphospholipid antibody, renal disease, history
of fetal CHD, history of cancer and previous deep vein
thrombosis. Subgroup analysis based on the presence of
coexistent condition was not undertaken as the focus was
validation of the algorithm.

Signal acquisition and processing
The fECG was recorded using the MonicaAN24 monitor
and analysed using the MonicaDKv1.9 program (Monica
Healthcare Limited., Nottingham, UK.). The device
recorded for 30 min to 16 h and was fitted in the standar-
dised manner by skin preparation and placement of five
electrodes across the maternal abdomen.8 The AN24 fECG
is hardware filtered from approximately 0.2–110 Hz then
passed into the analogue to digital converter sampling at
900 Hz. Suitable regions of recording (30–200 min) were
qualitatively examined for continuous fetal signal, stable
heart rate and absence of non-physiological artefacts and
extracted for analysis. A signal-averaged fECG complex
was generated via MonicaDKv1.9 from the fetal signal (fol-
lowing extraction from the mECG by MonicaDKv1.9)
using a heart rate range of 120–160 beats per minute
(bpm). Where there were multiple areas of usable fECG
acquisition, several sections with good acquisition as
defined above were assessed, and one signal-averaged
complex with the clearest points of interest visually was
chosen for analysis. The steps for signal acquisition and
processing are shown in Figure 1. The mixed mECG/
fECG signals are shown in Figures 5C/6A and the signal
averaged fECG complexes are shown in Figures 2/5A/6B.

A script was created using MATLABR2020a (Mathworks
Inc., Natick, MA, USA) to measure CTI from the fECG
complex generated from the MonicaDK software. The
script is an adaptation of Aalizade et al.11 which identifies
the fiducial points of an ECG signal. The newly developed
script processed the fECG complex with a lowpass
Butterworth filter at 100 Hz and high pass filter at 0.2 Hz.
Successively, the signal was processed with a derivative
filter, squared, normalised and processed with a moving
average filter. The R-peak of the processed fECG complex
was identified and used as a reference point to determine
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peaks of the P and T wave alongside troughs of the
QRS-complex. Two methods were implemented to identify
the start of the P wave since the fECG may include additional
baseline wander. Firstly, a change in concavity of the baseline
prior to the P-peak (PRStart_A) and secondly, local minimum
prior to the P-peak (PRStart_B). The end of the T-wave was
identified as the local minimum after the T-peak. Following
identification of each element of the fECG complex, the CTI
were measured and converted to milliseconds (ms). The
PR-interval was calculated in two ways. Firstly, using
PRStart_A as the starting point, generating PRAlg_A and sec-
ondly using PRStart_B as a starting point, generating PRAlg_B.

Signal quality assessment and fiducial points (P,
QRSstart, Q, R, S, QRSend, Tend) were marked manually in
188 subjects by two independent observers skilled in

ECG interpretation (SC/TV). Quality of the averaged
complex was assessed by SC/TV and rated as good or
poor by the observer. A poor rating was given if there
was inability to locate a point of interest due to baseline
wander, poor delineation of onset/offset of a wave, add-
itional deflections within a wave or noise such that points
of interest could not be defined visually. Where there was
an inadequacy, the waveform was assessed to see which
CTI would be appropriate to measure and consensus
agreed between SC/TV. Inter-observer reliability between
manual measurements of the investigators (SC/TV) was
calculated, with an intraclass coefficient of 0.97 for the
PR-interval, 0.89 for the QRS-duration and 0.79 for the
QT-interval. Because there was agreement between obser-
vers, measurements from SC were subsequently used to

Figure 1. Flowchart delineating the process from data acquisition to result generation in preliminary study and main study.
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compare manual and algorithm measurements. The cor-
rected QT interval (QTc) was calculated from the
QT-interval using Bazett’s formula as used in other non-
invasive fECG studies and commonly used in clinical
practice.4,5

Preliminary assessment was undertaken to investigate
the effect of signal averaging on the quality of the
complex and ability to measure the fetal CTI. Ten subjects
were randomly chosen, and an average complex generated
using 100, 500, 1000, 5000, 10,000 and 20,000 beats from
the same starting position on the recording. The quality of
the signal was assessed and CTI measured as described below.

Statistical analysis
Statistical analysis was performed using SPSS statistics 26
(SPSS Inc,.Chicago,Il,USA.). Results were normally dis-
tributed and are presented as population means with stand-
ard deviation in parentheses and 95% confidence intervals
(CI) in brackets. Statistical significance was set at p <
0.05. Inter-observer reliability was calculated using the
interclass coefficient. Bland-Altman plots were used to
assess agreement between manual measurement of CTI
and those generated by the algorithm. The correlation
between CTI measurements and GA was assessed using
linear regression. Regression coefficients (β) have been
presented.

Results
Of the 236 recruited participants, 188 provided fECG data
suitable for analysis with median GA 34.9 weeks, IQR
32.1–36.0 weeks. Overall, 48 out of 236 participants were
excluded due to poor/no fECG signal or significant noise,
where the points of interest could not be visually identified.
20/37 (54%) of the 30–55 min recordings and 28/199 (14%)
of the >12 h recordings were rejected prior to analysis. Each
complex was analysed for calculation of the fetal CTI. An
example of the algorithm’s output is shown in Figure 2.

Signal-averaged complexes were optimal when gener-
ated from 5000 beats; with highest visual quality according
to the criteria described in methods and greatest agreement
of manual and automated measurements (Table 1). At 100
and 500 averaged beats the quality of the complex was
poor in several cases such that the points of interest could
not be identified by the automated process.

The PR-interval was measured in 173/188 (92%),
QRS-duration in 170/188 (90%) and QT-interval in 123/
188 (65.4%) subjects by operator agreement (SC/TV) for
inclusion in further analysis.

Measurement of the fetal cardiac time intervals
The PR-interval was 107.60 ms (12.07 ms) [95%CI: 105.79–
109.41 ms] manual measurement and 118.54 ms (23.21 ms)
[95%CI: 115.05–122.02 ms] algorithm measurement of

Figure 2. Example of fECG complex plotted with markings after being processed by the algorithm. The markings of the algorithm can

be compared with manual observations (as shown) or plotted alone. (PRStart_A and PRStart_B are algorithm derived measures

delineating the start of the P wave).
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PRAlg_B and 109.11 ms (14.70 ms) [95%CI: 106.91–
111.32 ms] algorithm measurement of PRAlg_A (n=173,
Table 2). The QRS-duration was 54.72 ms (6.35 ms) [95%CI:
53.76–55.68 ms] manual measurement and 58.34 ms (5.73 ms)
[95%CI: 57.47–59.21 ms] algorithm measurement (n=170,
Table 2). The QT-interval was 268.93 ms (21.59 ms) [95%CI:
265.08–272.79 ms] manual measurement and 261.63 ms
(36.16 ms) [95%CI: 255.17–268.08 ms] algorithmmeasurement
(n=123, Table 2). The QTc-interval (Bazett formula) was
407.5 ms (32.71 ms) [95%CI: 401.64–413.31 ms]manualmeas-
urement and 396.40ms (54.78ms) [ 95%CI: 386.62–406.18ms]
algorithm measurement (n=123, Table 2).

Bland-Altman assessment demonstrated that PR/
PRAlg_B measurements had a bias of −10.94 ms and
limits of agreement (LOA) of 29.29 and −51.17 ms. PR/
PRAlg_A measurements showed a bias of −1.52 ms and
LOA of 19.94 and −22.97 ms. QRS/QRSAlg measure-
ments showed a bias of −3.62 ms and LOA of 5.33 and
−12.57 ms. QT/QTAlg-interval measurements showed a
bias of 7.31 ms and LOA of 67.02 and −52.4 ms (Figure 3).

The amplitude of the P and T waves was greater in
averaged complexes accepted for analysis based on quality
than rejected. Accepted complexes had larger amplitude

measurements of (mean/SD) 0.39 arbitary units(au)/0.4 au
for PRAlg_A, 0.46 au/0.33 au for PRAlg_B and 0.5 au/
0.4 au for T. Rejected complexes had amplitude measure-
ments of (mean/SD) 0.21 au/0.17 au for PRAlg_A, 0.25 au/
0.19 au for PRAlg_B and 0.22 au/0.35 au for T.

Measurement of the fetal cardiac time intervals and
gestational Age
The CTI according to GA groups are shown in Table 3/
Figure 4. Linear regression analysis showed the manual
PR-interval measurements were significantly positively corre-
lated with GA (β= 0.170, p= 0.03). Algorithm-derived
PRAlg_B (β= 0.110, p= 0.190) and PRAlg_A (β= 0.100,
p= 0.220) measurements did not significantly correlate with
GA. QRS-duration significantly positively correlated with
GA both by manual measurement (β= 0.190, p= 0.02)
and by algorithm measurement (β= 0.210, p= 0.01).
QT-interval was not correlated with GA by manual measure-
ments (β= 0.550, p= 0.560) or algorithm measurements
(β= 0.800, p= 0.390). There was no correlation between
amplitude of P wave (β=−0.001, p= 0.991) and T wave
(β= 0.177, p= 0.058) with GA.

Ability to measure the PR interval increased as gestation
progressed. At GA ≤32 weeks, it was 86%(38/44), 32–36+
6 weeks 94%(102/109) and 95%(20/21) at >37 weeks of ges-
tation. Ability to measure the QT interval also increased as
gestation progressed. At GA ≤32 weeks, it was 39%(17/44),
32–36+ 6 weeks 72%(79/109) and 81%(17/21) at >37
weeks of gestation. Ability to measure the QRS-duration
remained constant throughout gestation.

Notable cases
One fetus developed sudden onset tachycardia lasting
twenty minutes with altered morphology of the

Table 1. Preliminary assessment demonstrating the effect of signal averaging on the cardiac time intervals of the fetal ECG in ten

random? subjects.

Number of Signal averaged complexes 100 500 1000 5000 10,000 20,000

PR Manual (ms)

[Mean (SD)]

99.67

(11.34)

101.67

(9.53)

104.33

(11.14)

101.56

(8.53)

100.11

(8.58)

100.44

(9.58)

PRAlg_A (ms)

[Mean (SD)]

123.78

(26.35)

103.58

(33.31)

100.49

(28.89)

105.22

(7.93)

105.89

(10.42)

108.22

(9.45)

PRAlg_B (ms)

[Mean (SD)]

108.44

(27.10)

97.90

(29.47)

99.38

(34.59)

107.11

(13.62)

112.56

(17.72)

116.33

(26.60)

QRS Manual (ms)

[Mean (SD)]

50

(5.88)

52.89

(6.18)

54.11

(5.08)

54.11

(2.96)

55.44

(4.07)

54.00

(3.40)

QRS Algorithm (ms)

[Mean (SD)]

54.22

(3.46)

59.01

(6.05)

57.41

(6.11)

56.00

(5.30)

56.56

(5.53)

56.11

(5.30)

QT Manual (ms)

[Mean (SD)]

216.33

(43.47)

237.33

(32.61)

242.78

(46.11)

244.67

(32.73)

250.78

(30.79)

251.22

(29.81)

QT Algorithm (ms)

[Mean (SD)]

245.33

(40.81)

230.62

(38.43)

220.25

(37.96)

233.44

(23.63)

240.22

(28.72)

239.56

(27.90)

Table 2. Cardiac time intervals of the fetal ECG (all subjects)

using a complex derived from 5000 signal averaged beats.

N Mean (ms) SD (ms) 95% CI (ms)

PR Manual 173 107.60 12.07 105.79–109.41

PRAlg_A 173 109.11 14.70 106.91–111.32

PRAlg_B 173 118.54 23.21 115.05–122.02

QRS Manual 170 54.72 6.35 53.76–55.68

QRS Algorithm 170 58.34 5.73 57.47–59.21

QT Manual 123 268.93 21.59 265.08–272.79

QT Algorithm 123 261.63 36.16 255.17–268.08

QTc Manual 123 407.48 32.71 401.64–413.31

QTc Algorithm 123 396.40 54.78 386.62–406.18
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Figure 3. Bland Altman plots demonstrating agreement between manual and algorithm measurements of (A) manual PR interval and

algorithm derived PR1, (B) manual PR interval and algorithm derived PR, (C) manual QRS interval and algorithm derived QRS, and

(D) manual QT interval and algorithm derived QT.

Figure 4. Linear regression demonstrating the correlation between gestation and measurements of the fetal cardiac time intervals:

(A) PR Manual and GA, (B) PRAlg_B and GA, (C) PRAlg_A and GA, (D) QRSMan and GA, (E) QRSAlg and GA, (F) QTMan and

GA, (G) QTAlg and GA, (H) T-Amplitude and GA, (I) P amplitude and GA.
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signal-averaged complex (Figure 5). A heart rate of 211
beats per minute was demonstrated within the raw signal.
Given the altered morphology, sudden onset tachycardia and
heart rate this was likely to represent a supraventricular tachy-
cardia, rather than physiological sinus tachycardia. Given the
retrospective data analysis, it was not possible to validate
this with fetal echocardiography or postnatal ECG. The algo-
rithm identified a significantly shorter PR-interval during
tachycardia. Automated detection of these abnormal measure-
ments could thus prompt clinician review.

One 38+ 5 week fetus had bradycardia throughout the
recording. Baseline heart rate was 105–130 bpm
(Figure 6). There was no known maternal or fetal disease.
The PR-interval was shorter both by manual
(103.33 ms) and algorithm (97.78 ms) measurements
and the QRS and QT-intervals were within normal
limits when compared to published values (Table 4).
Multiple measurements demonstrated consistent
results. Importantly, the QT/QTc-interval was not pro-
longed (manual-265.56/358.86 ms, algorithm-264.44/

Table 3. Cardiac time intervals of the fetal ECG according to gestation derived from 5000 signal averaged beats.

<32 weeks 32+ 1–36+ 6 weeks >37 weeks

N Mean (ms) SD (ms) N Mean (ms) SD (ms) N Mean (ms) SD (ms)

PR Manual 38 104.56 13.13 98 108.70 12.57 26 107.56 8.37

PRAlg_A 38 108.42 15.14 98 110.87 13.18 26 107.64 10.93

QRS Manual 40 52.78 6.27 94 55.33 6.16 25 55.02 6.87

QRS Algorithm 40 55.83 5.37 94 58.91 5.49 25 59.33 6.29

QT Manual 17 263.20 22.79 76 270.22 22.34 23 268.16 18.78

QT Algorithm 17 248.04 46.99 76 265.41 34.25 23 262.13 29.77

QTc Manual 17 398.79 34.54 76 409.42 33.85 23 406.31 28.45

QTc Algorithm 17 375.81 71.21 76 402.13 51.88 23 397.16 45.10

Figure 5. Fetus with sudden onset tachycardia. (A) Signal average complex from period of normal heart rate showing normal PR

interval and QRS duration, (B) Signal average complex from period of sudden onset tachycardia showing a change in the P wave and T

wave morphology, (C) Raw maternal and fetal ECG signal with fetal QRS complexes shown with arrow and confirming that the fetal

ventricular rate is over 200 beats per minute, (D) Heart rate files showing fetal heart rate greater than 200 beats per minute (arrow)

and maternal heart rate 80–120 beats per minute.
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357.35 ms) because fetal bradycardia may signify fetal
long-QT-syndrome. Other possible explanations for this pres-

entation of regular bradycardia include physiological sinus

bradycardia, bradycardia secondary to circulating maternal

Ro/La antibodies and low atrial rhythm.

Discussion
In this study we found that automated classification can reli-
ably measure fetal CTI and showed good agreement with
manual measurements and previously reported literature
(Table 4).1–8 In addition, we were able to measure the

Table 4. Cardiac time intervals (measured in ms) according to gestation compared with other published literature.

<32 weeks 32+ 1–36+ 6 weeks >37 weeks

Study Year N PR QRS QT PR QRS QT PR QT QT

Abboud et al.6 1990 21 107 46 255

Taylor et al.1 2003 199 102 47 251 105 55 259

Chia et al.5 2005 178 110 51 235 110 53 243

Taylor et al.7 2005 15 93 62 255 104 56 256

Hayashi et al.8 2009 48 57 52

Arya et al.3 2015 13 133 96 128 85 135 76

Yilmaz et al.2 2015 64 98 54 236 109 56 233

Wacker Gussman et al.4 2017 117 107 54 253 108 53 250

Chivers et al. 2022 Manual 188 105 53 263 109 55 270 108 55 268

Algorithm 188 108 56 248 110 59 265 108 59 262

Figure 6. Fetus with Bradycardia. (A) Raw maternal and fetal ECG signal with fetal QRS complexes shown with arrow confirming that

the fetal heart rate is 110 beats per minute, (B) Signal averaged complex generated in Matlab at fetal heart rate of 110 beats per minute

for measurement of the cardiac time intervals, (C) Heart rate file demonstrating fetal heart rate (arrow) over time. Maternal heart rate

shown in this trace as 50–60 beats per minute.
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QT-interval in a higher proportion of cases compared to
previous studies, likely secondary to use of longer record-
ings with greater signal generation therefore leading to
greater opportunity to select high quality signal for analysis.

Of the fetal CTI, PR-interval was most closely correlated
between algorithm and manual measurements. Using the
change in concavity of the signal from baseline
(PRStart_A) provided greater accuracy compared with
assessment of the local minimum of the signal
(PRStart_B). PRAlg_A measurements had a greater mean
amplitude of the P wave than PRAlg_B suggesting that a
greater deflection from baseline improved measurability.
Other studies also noted that larger P-wave amplitudes cor-
related with greater measurement success.4

QRS-duration was successfully measured in a high pro-
portion of cases but was longer by automated assessment
compared to manual measurement, which showed a stron-
ger correlation with published literature (Table 4).1–8 The
difference between the mean measurement was 3.6 ms
(Table 2) which is negligible when compared to the
QRS-duration associated with CHD, where mean
QRS-duration of 62 and 64 ms have been seen in patients
with hypoplastic left heart syndrome and transposition of
the great arteries respectively.2

The proportion of signal deemed acceptable for meas-
urement of the QT-interval showed lowest inclusion for
analysis, but was higher than many previous studies.2,4

There was good agreement between manual measurement
of QT-interval and published literature.1–8 As with the
P wave, T waves with a smaller amplitude were more
likely to be rejected. Low amplitude T waves led to inter-
pretation difficulty in other studies of both the fECG and
fMCG.2,4,12 Alternate options to measure QT-interval
have been assessed in other studies including using the
peak of the R wave to model the T wave as the discharging
phase of a capacitor showing good correlation with fetal
scalp electrode measurements.13

Signal to noise ratio remains an obstacle with contribut-
ing factors including: superimposition of the mECG, move-
ment artefact, electromyogram/ambient electromagnetic
interference, instrumentation electronic noise and vernix
caseosa insulation.12 Additionally, the electrical axis
changes according to fetal position. The intrauterine scalp
electrode and the fMCG also produce a fECG
complex12,14 but have drawbacks as they are invasive, non-
portable and unable to record for prolonged periods. Both
fMCG and intrauterine scalp electrodes have shown
similar measurements for the CTI’s to that of the non-
invasive fECG15–17 One study simultaneously measured
fECG utilising a scalp electrode and non-invasive fECG
(Mindchild Medical,North Andover,MA) during labour in
22 women and demonstrated close agreement between the
measurement of QT intervals.15

Recordings >12 h provided interpretable signal more
frequently than short recordings. Of the recordings

performed over 30–55 min, 20/37 (54%) were rejected
prior to initial analysis compared with 28/199 (14%) of
>12 h recordings. Longer recordings had more periods
where fetal movement and variation in heart rate was mini-
mised, improving signal quality. Additional information
could also be quantified, including overall assessment of
heart rate and heart rate variability, duration of tachycar-
dia/bradycardia and ectopic beats. As many arrhythmias
are paroxysmal, longer recordings are advantageous.

The positive correlation between GA and QRS-duration
was consistent with previous literature.2,5 There was also a
positive correlation between PR-interval and GA when
measured manually but not when measured via the algo-
rithm. The QT-interval showed no correlation with GA.
Some studies have proposed that fetal CTI increase with
GA due to increasing cardiac mass5,18 whilst others
reported no correlation.3,4 A number of previous studies
demonstrated difficulty in fECG detection at 27–32 weeks
gestation2,5 in keeping with this study where ability to
measure the CTI was lowest≤ 32 weeks gestation.
Potential causes include vernix caseosa insulation and a
smaller fetal electrical signal due to lower cardiac mass.19

This study did not assess the impact of fetal/maternal
disease, and the incidentalfindingsof suddenonset tachycardia
and bradycardia for the duration of the recording occurred in
uncomplicated pregnancies. Studies that assessed use of the
fECG in fetuses with CHD demonstrated a lack of change in
the CTI as gestation increased and difference in the cardiac
axis in comparison to control pregnancies (when measured
with 12 leads).2,20 Other studies demonstrated significantly
longer QT-interval in the fECG with confirmed long-QT-syn-
drome diagnosed postnatally.3,21

Further benefits of automation are rapid measurements on
large datasets flagging up areas of concern whilst removing
subjective bias and human error. Reference ranges require
large sample sizes to account for variabilities within popula-
tions. Whilst algorithms may give swift results, caution and
attention should be applied to ensure accuracy. This algorithm
rapidly provides output measurements but manual pre-
processing and quality assessment of the fECG is still cur-
rently required. In this study, assessment of the recording
for suitable areas for analysis and generation of a signal aver-
aged complex took up to 5 min per subject. The time taken to
extract regions of recording suitable for analysis, and the
qualitative nature of this process could impact the interpret-
ation of large datasets in future studies. Newer devices with
higher quality signal or automated extraction will streamline
this process.

Other automation methods have been developed to
process and analyse the fECG. The Physionet Computing
in Cardiology Challenge 2013 aimed to improve limitations
posed by scientists and clinicians related to the fECG by
answering whether fetal heart rate and QT-interval can be
accurately measured by the non-invasive fECG. It led to
development of an annotated public database and range of
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approaches to interpretation. It additionally provided open
source code to scientists and clinicians with interest in
this area. The scientific outputs were published in a
special edition of Physiological Measurement.22,23 This
special edition included articles focussing on extraction of
the fECG from the mixed maternal/fetal signal and on
QRS detection and quantification of fetal heart rate. The
other CTI’s were not assessed in this edition and therefore
our algorithm builds on the work from this challenge.

Further to this challenge, one study assessed an auto-
mated approach in 19 participants and was able to
measure PR-interval and QRS-durations with results com-
parable to ours.3 This study had lower overall success rate
but utilised short recordings. Other studies report that it is
feasible to use an algorithm to assess fetal cardiac disease
with one study finding that an event detection algorithm
was able to identify an abnormality in 12 participants
using the raw fECG signal and that the abnormality corre-
lated with echocardiographic findings in all but one
subject.24

Strengths
This study had a higher success rate in terms of included com-
plexes than comparable studies on the fECG of measuring the
CTI. It adds to the published literature on the use of algorithms
assessing the fECG indicating real time extraction feasibility
and, to date, is the largest study utilising such an automate
approach to provide fECG measurements. It adds to the growing
literature on reference ranges for the fetal CTI in normal
pregnancy.

Limitations
The study was not adequately powered to assess the fetus with
known or suspected arrhythmia. It would be beneficial to assess
the algorithm in the fetus at risk of disease. Larger studies are
needed to confirm the normal reference intervals fECG.

Overall, this study has demonstrated the utility of a novel algo-
rithm generated by our group to reliably automatically measure the
CTI’s of the fECG. Overnight recordings had higher signal quality
and gave additional information on heart rate. Clinical application
below 32 weeks may be limited due to signal acquisition at lower
gestations. This study and the presence of the MonicaAN24 device
in the obstetric armoury adds to the literature on potential practical
application of automatically analysing the non-invasive fECG.

Contribution to authorship
SC, ML: conceptualisation, planning and carrying out, analysing
and write up of the study. TV: planning, carrying out and write
up of the study. JMS, CW, MN, WPF: planning and write up of
the study. BRHG, IAJ: write up of the study.

Declaration of conflicting interests
The author(s) declared no potential conflicts of interest with
respect to the research, authorship, and/or publication of this
article.

Ethics approval
In the UK ethical approval was obtained to collect data at Guy’s and
St Thomas’Hospital NHS Foundation Trust andQueen Charlotte’s
and Chelsea Hospital (London, UK) (REC approvals:15/WM/
0017, 16/LO/0839). Nottingham University Hospital
(Nottingham, UK) (REC approval: 08/H0707/21). In the USA
ethical approval was obtained to collect data from Midland office,
Rapid City and Sanford Health, Sioux Falls (South Dakota,
USA). Ethical approval was obtained from Sanford Health, the
Indian Health Service, and New York State Psychiatric
Institute(NYSPI) (IRB approvals: CR00000266 and 5338).

Funding
The author(s) disclosed receipt of the followingfinancial support for
the research, authorship, and/or publication of this article: This
work was supported by the Tommy’s, NIHR Biomedical
Research Centre, Guy’s and St Thomas’ NHS trust, Madeleine
Steel Charitable Fund, John Coates Charitable trust, NIHR Senior
Investigator Award, (grant number IS-BRC-1215-20006, N/A).

Supplementary information
Readers can request supplementary information related to the
study by email to the corresponding author.

ORCID iDs
SC Chivers https://orcid.org/0000-0002-4060-2714
M Nandi https://orcid.org/0000-0001-8585-5363
IA Jayawardane https://orcid.org/0000-0001-6568-8035

References
1. Taylor MJ, et al. Non-invasive fetal electrocardiography in

singleton and multiple pregnancies. BJOG 2003; 110: 668–678.
2. Yilmaz B, Narayan HK,Wilpers A, et al. Electrocardiographic

intervals in fetuses with congenital heart disease. Cardiol
Young 2016; 26: 84.

3. Arya B, Govindan R, Krishnan A, et al. Feasibility of non-
invasive fetal electrocardiographic monitoring in a clinical
setting. Pediatr Cardiol 2015; 36: 1042–1049.

4. Wacker-Gussmann A, Plankl C, Sewald M, et al. Fetal cardiac
time intervals in healthy pregnancies–an observational study
by fetal ECG (Monica Healthcare System). J Perinat Med
2018; 46: 587–592.

5. Chia EL, Ho TF, Rauff M, et al. Cardiac time intervals of
normal fetuses using noninvasive fetal electrocardiography.
Prenat Diagn 2005; 25: 546–552.

6. Abboud S, Barkai G, Mashiach S, et al. Quantification of the
fetal electrocardiogram using averaging technique. Comput
Biol Med 1990; 20: 147–155.

7. Taylor MJ, et al. Non-invasive intrapartum fetal ECG: prelim-
inary report. BJOG 2005; 112: 1016–1021

8. Hayashi R, Nakai K, Fukushima A, et al. Development and
significance of a fetal electrocardiogram recorded by
signal-averaged high-amplification electrocardiography. Int
Heart J 2009; 50: 161–171.

9. Donofrio MT, et al. Diagnosis and treatment of fetal cardiac
disease: a scientific statement from the American Heart
Association. Circulation 2014; 129: 2183–2242.

10 JRSM Cardiovascular Disease

https://orcid.org/0000-0002-4060-2714
https://orcid.org/0000-0002-4060-2714
https://orcid.org/0000-0001-8585-5363
https://orcid.org/0000-0001-8585-5363
https://orcid.org/0000-0001-6568-8035
https://orcid.org/0000-0001-6568-8035


10. Dukes KA, et al. The safe passage study: design, methods,
recruitment, and follow-up approach. Paediatr Perinat
Epidemiol 2014; 28: 455–465.

11. Aalizade N. ECG P QRS T wave detecting matlab code
MATLAB central file exchange. 2020. Available from:
https://www.mathworks.com/matlabcentral/fileexchange/
66098-ecg-p-qrs-t-wave-detecting-matlab-code (accessed
01/02/2021).

12. Strand SA, Strasburger JF and Wakai RT. Fetal magnetocar-
diogram waveform characteristics. Physiol Meas 2019; 40:
035002.

13. Widatalla N, Kasahara Y, Kimura Y, et al. Model based esti-
mation of QT intervals in non-invasive fetal ECG signals.
PLoS One 2020; 15: e0232769.

14. Leuthold A, Wakai RT and Martin CB. Noninvasive in utero
assessment of PR and QRS intervals from the fetal magneto-
cardiogram. Early Hum Dev 1999; 54: 235–243.

15. Behar J, et al. Evaluation of the fetal QT interval using
non-invasive fetal ECG technology. Physiol Meas 2016; 37: 1392.

16. Horigome H, Takahashi MI, Asaka M, et al. Magnetocardio
graphic determination of the developmental changes in PQ,

QRS and QT intervals in the foetus. Acta Paediatr 2000; 89:
64–67.

17. Stinstra J, et al. Multicentre study of fetal cardiac time intervals
using magnetocardiography. BJOG 2002; 109: 1235–1243.

18. Pervolaraki E, et al. Antenatal architecture and activity of the
human heart. Interface Focus 2013; 3: 20120065.

19. Sameni R and Clifford GD. A review of fetal ECG signal pro-
cessing; issues and promising directions. Open Pacing
Electrophysiol Ther J 2010; 3: 4–20.

20. Lempersz C, et al. The standardized 12-lead fetal electrocar-
diogram of the healthy fetus in mid-pregnancy: a cross-
sectional study. PLoS One 2020; 15: e0232606.

21. Sethi N, et al. Noninvasive fetal electrocardiography in the
diagnosis of long QT syndrome: a case series. Fetal Diagn
Ther 2020; 47: 711–716.

22. Clifford GD, Silva I, Behar J, et al. Non-invasive fetal ECG
analysis. Physiol Meas 2014; 35: 1521.

23. Focus issue: non-invasive fetal ECG. PhysiolMeasure 2014; 35.
24. Behar JA, Bonnemains L, Shulgin V, et al. Noninvasive fetal

electrocardiography for the detection of fetal arrhythmias.
Prenat Diagn 2019; 39: 178–187.

Chivers et al. 11

https://www.mathworks.com/matlabcentral/fileexchange/66098-ecg-p-qrs-t-wave-detecting-matlab-code
https://www.mathworks.com/matlabcentral/fileexchange/66098-ecg-p-qrs-t-wave-detecting-matlab-code
https://www.mathworks.com/matlabcentral/fileexchange/66098-ecg-p-qrs-t-wave-detecting-matlab-code

	 Introduction
	 Design and setting
	 Participants
	 Signal acquisition and processing
	 Statistical analysis

	 Results
	 Measurement of the fetal cardiac time intervals
	 Measurement of the fetal cardiac time intervals and gestational Age
	 Notable cases

	 Discussion
	 References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


