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Abstract
Introduction: This study aims to investigate non- invasive electrocardiography as a 
method for the detection of congenital heart disease (CHD) with the help of artificial 
intelligence.
Material and methods: An artificial neural network was trained for the identification 
of CHD using non- invasively obtained fetal electrocardiograms. With the help of a 
Bayesian updating rule, multiple electrocardiographs were used to increase the algo-
rithm's performance.
Results: Using 122 measurements containing 65 healthy and 57 CHD cases, the ac-
curacy, sensitivity, and specificity were found to be 71%, 63%, and 77%, respectively. 
The sensitivity was however 75% and 69% for CHD cases requiring an intervention in 
the neonatal period and first year of life, respectively. Furthermore, a positive effect 
of measurement length on the detection performance was observed, reaching opti-
mal performance when using 14 electrocardiography segments (37.5 min) or more. A 
small negative trend between gestational age and accuracy was found.
Conclusions: The proposed method combining recent advances in obtaining non- 
invasive fetal electrocardiography with artificial intelligence for the automatic de-
tection of CHD achieved a detection rate of 63% for all CHD and 75% for critical 
CHD. This feasibility study shows that detection rates of CHD might improve by using 
electrocardiography- based screening complementary to the standard ultrasound- 
based screening. More research is required to improve performance and determine 
the benefits to clinical practice.
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1  |  INTRODUC TION

Congenital heart disease (CHD) is the most common severe con-
genital anomaly worldwide. With an incidence of eight per 1000 
births,1 around 1.35 million newborns are born with CHD— a third 
of which are severe1– 3 (i.e. requiring an intervention in the first year 
of life)— every year.4 CHD is associated with significant infant mor-
tality and long- term morbidity, and is responsible for more than half 
of the deaths from congenital anomalies in infancy.5 Furthermore, 
CHD is associated with a nine- fold increased risk of intellectual 
disability.6

Timely prenatal detection of CHD therefore has important im-
plications. When a severe defect is detected before 24 weeks of 
gestation, parents may decide to terminate the pregnancy. When 
the pregnancy is continued, a prenatal diagnosis of CHD allows 
time to prepare for the arrival of a sick child and facilitates nec-
essary changes in obstetric and neonatal management. Prenatal 
diagnosis of CHD was shown to increase survival rates and to 
decrease long- term morbidity, especially in ductal dependent 
lesions.7– 13

Antenatal detection of CHD currently relies on ultrasound 
scans. In most high- income countries, a standard screening is per-
formed around 20 weeks of gestation, with the assessment of the 
fetal heart being an important and difficult component. After ex-
tensive training, 59.7% of severe CHD and 44.2% of isolated severe 
CHD were detected antenatally in the Netherlands between 2007 
and 2012.14 After inclusion of the three- vessel view in 2012, the 
detection rates for transposition of the great arteries and Tetralogy 
of Fallot were raised from 44% to 82% and 68%, respectively, in-
creasing the overall detection rate.15 Even though this detection 
rate exceeds rates reported in most western countries,16– 20 and 
as has been recently shown for coarctation of the aorta,21 even 
in a well- organized screening setting there is still room for further 
improvement.

Such improvement might come from the addition of the 
three- vessel- and- trachea view to standard screening proto-
cols,21 or— as investigated in this paper— non- invasive fetal 
electrocardiography (ECG). Recent advances enable fetal ECG 
assessment at gestational ages of about 18 weeks and above22,23 
and in several CHD cases a change in fetal ECG waveform has 
been shown.24– 29

In the past, artificial intelligence has been adopted for the clas-
sification of CHD from fetal cardiac ultrasound images30 as well as 
from fetal heart sounds,31 and the combination of neonatal ECGs 
with artificial intelligence has also shown great promise.32,33 Even 
though the fetal ECG was shown to be a reliable method for de-
termining the fetal heartrate during labor,34 little research on the 
detection of CHD with fetal ECG has been performed because of 
challenges in both the acquisition and interpretation of the fetal 
ECG.35– 37 Combining the potential of artificial intelligence and le-
veraging recent advancements in the measurement of non- invasive 
fetal ECG, we investigate a novel method for the antenatal detec-
tion of CHD.

2  |  MATERIAL AND METHODS

2.1  |  Participants

Measurements were performed at the Máxima Medical Center, 
‘Diagnostiek voor U' diagnostic center Eindhoven, Amsterdam 
Medical Center, Radboud University Medical Center (Radboudumc), 
Leiden University Medical Center, and Maastricht University 
Medical Center, all in the Netherlands.

The study population was divided into two groups, a cohort of 
healthy fetuses and a group of fetuses with possible CHD. Pregnant 
women 18 years of age or older, with an uneventful pregnancy, car-
rying a healthy singleton fetus with a gestational age between 18 
and 24 weeks were eligible for the healthy cohort. Exclusion criteria 
were known congenital anomalies and insufficient understanding 
of the Dutch language. Measurements of the healthy cohort were 
performed directly before or after the 20- week fetal anomaly scan 
and after obtaining written informed consent. Three months post-
natally, participants received a questionnaire to verify the absence 
of CHD or other congenital anomalies, as by this time, all children in 
the Netherlands have undergone a health check- up by a physician. 
Measurements were excluded when CHD or other congenital anom-
alies were found postnatally.

Women carrying a fetus with a possible CHD on the fetal anom-
aly scan were recruited in dedicated centers (Amsterdam Medical 
Center, Leiden University Medical Center, Maastricht University 
Medical Center, Radboudumc, Máxima Medical Center), after being 
referred for an advanced ultrasound examination. After obtaining 
written informed consent, the ECG measurement was performed 
directly before or after the advanced ultrasound examination. 
Participants had to be 18 years of age or older with a gestational 
age between 18 and 30 weeks. Exclusion criteria were multiple 
pregnancies and insufficient understanding of the Dutch language. 
Participants were excluded from further analysis if no CHD was 
found on postpartum examinations. The CHD diagnosis was con-
firmed by postnatal echocardiogram/computed tomography scan 
report/catheterization report/operation report, and when a preg-
nancy was terminated, by postmortem examination where possible.

CHD measurements were categorized and evaluated for the re-
quirement of an intervention (in the neonatal period, during the first 
year, or at any stage) by an experienced pediatric cardiologist.

Key message

Detection of congenital heart disease based on non- 
invasive fetal electrocardiography shows sensitivity to 
cases typically missed with conventional ultrasound 
screening. Detection rates might therefore improve with 
the addition of electrocardiography- based screening 
around 20 weeks of gestation.
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2.2  |  Data acquisition and processing

The fetal ECG was recorded with adhesive Ag/AgCl electrodes on 
the abdomen of the pregnant women lying in a semi- recumbent po-
sition. In total, eight electrodes were placed on the abdomen in a 
fixed configuration as described by Verdurmen et al. for the purpose 
of the original study.38

This provided six bipolar channels of electrophysiological 
measurements as two electrodes served as a common reference 
and ground. The duration of the registration was approximately 
30 min.

The fetal anomaly scan and advanced ultrasound examination 
were performed by certified and experienced sonographers.

The electrophysiological signals were digitized and stored at 
500 Hz sampling frequency by a prototype fetal monitoring system 
(Nemo Healthcare BV). After digitization, the acquired signals were 
processed by PC- based signal processing techniques as previously 
described by Vullings et al.,39 Warmerdam et al.,40,41 and Fotiadou 
et al.42 to remove interferences such as the maternal ECG, power- 
line interference, and electromyographic signals from within the 
maternal body.

This signal processing was performed on four of the six channels, 
to allow the use of previously optimized algorithms for the detection 
of QRS- complexes.34 For every recording, the same four electrodes 
were used. If fewer than 25 fetal QRS complexes per minute were 
detected, the recording was excluded from further analysis due to 
low signal quality.

The quality of the fetal ECG was enhanced by taking 5 min of 
consecutive cardiac cycles and splitting the fetal ECG signal into 
segments containing individual cardiac cycles and subsequently syn-
chronizing segments on the position of the R- peak, after which the 
median value was taken for each sample. This automated process 
resulted in the desired per- sample median, i.e. a single ECG segment 
where temporally uncorrelated noise was suppressed. An example 
of such a fetal ECG segment is presented in Supporting Information 
Appendix S1. Measurements lasted roughly 30 min, from which an 
average of 12 relatively high- quality fetal ECG segments were au-
tomatically generated per fetus, using 50% overlap between the 5- 
min windows. Even though a standardized electrode placement was 
used, these fetal ECG segments were not corrected for fetal position 
as the proposed artificial intelligence method was expected to learn 
to adapt to uncorrected fetal ECGs.

2.3  |  Artificial intelligence

The detection of CHD from the fetal ECG segments was based on 
an artificial neural network. These networks are inspired by biologi-
cal neural networks, and contrary to programming them for a spe-
cific task, these models are trained by adjusting the model weights 
based on their performance on a set of measurements. These model 
weights are fixed after training finishes, leaving an algorithm that 
can be employed in real- world scenarios. In our approach, a model 

was trained to derive a CHD score, pCHD, for each derived fetal ECG 
segment. Details of the network and its training can be found in 
Appendix S1, while an explanation of the network's internal function 
may be found in Appendix S2 and the PyTorch implementation is 
given in Appendix S3.

Before training the neural network, the measurements of 122 
patients were selected for testing the performance of the network 
and were removed from the training data set. For this, the healthy 
and CHD measurements were divided blindly between the training 
and test data sets. Even though more fetal ECG data are available, 
the presented model was trained on the data of this single study 
only. This was done to ensure that all measurements were taken with 
the same hardware and electrode configurations, preventing the ar-
tificially intelligent model from recognizing acquisition setups and 
consequently making biased CHD predictions based on imbalances 
between data sets.

To account for the small data set, the training data was used 
to train 10 different instances of the network. In this approach, 
the training data were randomly split into 10 groups, ensuring an 
equivalent fraction of CHD in each group. For each of these model 
instances, one of the groups was used for validation of the model, 
while it was trained on the remaining nine groups. These validation 
measurements were only seen by the model after it was trained.

By using this approach, often referred to as k- fold cross- 
validation, it is possible to get a reliable estimate of the model per-
formance on a relatively small data set, while preventing an over-  or 
underestimation of the model performance as a consequence of the 
chosen training/validation split for a single instance.43 This 10- fold 
cross- validation was carried out without using the 122 measure-
ments of the test set during training.

For each fold, the model performance was evaluated for the ac-
curacy, sensitivity, specificity and positive predictive value (PPV), 
given by

with TP the number of true positives, TN the number of true nega-
tives, FP the number of false positives and FN the number of false neg-
atives. This evaluation was done on the validation set corresponding 
to each fold, for which classification was performed on all available 
ECGs with a threshold at pCHD = 0.5, meaning the ECG was classified as 
coming from a CHD case when pCHD ≥ 0.5 and from a healthy control 
when pCHD < 0.5. The evaluation results for the 10 folds can be found 
in Appendix S1.

Accuracy =
TP + TN

TP + FP + TN + FN
,

Sensitivity =
TP

TP + FN
,

Specificity =
TN

TN + FP
,

PPV =
TP

TP + FP
,
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2.4  |  CHD detection

After the neural network was trained, it was evaluated on the un-
seen data of the test population. Combining the pCHD for each of 
the participants' individual ECG segments in a Bayesian manner 
gave a single accumulated (i.e. posterior) pCHD. For this, no pre-
vious knowledge about the presence of CHD was assumed. This 
pCHD was updated with each newly available ECG as the clinical 
measurement progressed, increasing the certainty as more ECG 
segments were included, and therefore profiting from the length 
of the measurements.

This accumulated CHD score allowed for the compilation of a 
receiver- operating- characteristic (ROC) curve for the detection 
threshold. The performance was then reported by means of an area 
under the ROC curve (AUC) and the accuracy, sensitivity, specific-
ity, and positive predictive value at the optimal detection threshold 
were determined. This optimal threshold was calculated as given by 
the point with maximum Youden's J- statistic, which is the point with 
maximum distance to random chance.44 The model's sensitivity was 
evaluated at a different threshold for the classification of positives 
as well, moving away from optimal Youden's J- statistic towards a 
specificity of 95%.

Furthermore, tests were performed to evaluate the influence of 
measurement length and gestational age on the detection perfor-
mance given this accumulated CHD score.

In addition to the median ECG waveform, the essential QRS- 
complex detection in our data processing can be used to evaluate 
the fetal heart rate (FHR) over time. As CHD has been associated 
with changes in FHR,28,45 an experiment was performed with the ad-
dition of FHR to the network. In this experiment, a second encoder 
was used for the FHR, and its output was concatenated with the 
encoded fetal ECG before the fully connected layers.

2.5  |  Ethics statement

The study was approved by the Máxima Medical Center institutional 
review board (NL48535.015.14) on May 8, 2014 and the ECGs used 
were part of the study described by Verdurmen et al.38

3  |  RESULTS

In total, 496 measurements were performed; 328 for the healthy 
group, and 168 measurements for the CHD group, one measure-
ment for each group was lost as the result of data storage problems. 
After moving two patients from the normal to the CHD group be-
cause of a postnatal diagnosis of CHD, and excluding 14 patients 
who were lost to follow up, a total of 311 measurements from the 
healthy group were available for further analysis.

From the 168 measurements of the CHD group, four patients 
were lost to follow up and seven children had a structurally normal 
heart postnatally. Twelve fetuses were diagnosed with an arrhythmia 

only and were therefore excluded, and five had to be excluded be-
cause of insufficient signal quality. Furthermore, one patient from 
the originally healthy group, postnatally diagnosed with CHD, had to 
be excluded as detailed information on the diagnosis was not avail-
able. Hence, 140 CHD measurements were left for analysis. The in-
clusion process and consequent division into train and test sets is 
depicted in Figure 1.

An overview of patient characteristics can be found in Table 1. 
Only gestational age during the measurement was significantly dif-
ferent between the two groups. An overview of the incidence of the 
various types of CHD in this cohort is provided in Table 2, along with 
ultrasound screening detection rates as found by van Velzen et al.14 
for those groups and algorithm detection rates for all CHD and CHD 
requiring intervention stratified by the time of the intervention was 
deemed necessary (as a neonate, in the first year or after a year).

3.1  |  Ten- fold performance

Median values for the accuracy, sensitivity, specificity, and positive 
predictive value on the individual ECGs in the validation set for each 
of the 10 training folds all exceeded 0.76, and none of the inter-
quartile ranges surpassed 0.14. This 10- fold performance is further 
specified in Appendix S1.

3.2  |  CHD detection performance

Considering the accumulated CHD score assigned to each fetus after 
evaluating the test data, the ROC curve given in Figure 2 was com-
piled. The area under this ROC curve was 0.76 and the accuracy, 
sensitivity, specificity, and positive predictive value at the threshold 
with maximum Youden's J- static (pCHD = 0.0005) were 71%, 63%, 
77%, and 71%, respectively.

Table 2 gives an overview of the number of detected CHDs for 
each group, divided into all CHD cases, cases requiring a neonatal 
intervention, cases requiring an intervention in the first year, and 
cases requiring an intervention at any stage. At optimum Youden's 
J- statistic, the sensitivity was 69% for patients where an inter-
vention was deemed necessary in the first year of life or at a later 
stage, and the detection rate was 75% for CHDs requiring a neonatal 
intervention.

Table 3 gives an overview of the sensitivity when operating the 
proposed algorithm at 95% specificity. As can be seen, overall sen-
sitivity drops to 33.3% for all cases and 40.5% for cases requiring 
intervention.

3.3  |  Effect of measurement length and 
gestational age

Using the proposed Bayesian updating rule, the performance with 
respect to measurement length may be evaluated. Figure 3(A) gives 
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the performance in terms of AUC for different maximum amounts 
of ECG segments used per individual. Performance increased with 
an increase in ECG segments used, and the optimal performance 
was reached when using 14 segments or more, corresponding to a 
minimum measurement time of 37.5 min. Additionally, Figure 3(B) 
shows the number of extracted ECG segments per patient for the 
122 measurements in the test set.

Figure 4 shows the accuracy of the implemented detection as 
a function of the gestational age during the measurement. A small 
negative trend between gestational age and classification accuracy 
was observed.

3.4  |  Use of fetal heart rate

When adding the FHR to the network, an improvement of the 10- 
fold validation performance could be observed. However, no signifi-
cant change to the performance on the test data set was found.

4  |  DISCUSSION

In this paper, a new method for prenatal screening for CHD was 
explored. The method can detect CHD at around 20– 27 weeks of 
gestation with a sensitivity and specificity of 63% and 77%, respec-
tively. Most importantly, it can detect 75% and 69% of the fetuses 
requiring a neonatal intervention or an intervention in the first year, 
respectively. This performance is independent of the expertise and 
experience of a sonographer performing the prenatal screening, as is 
the case with ultrasound- based screening.14 The presented method 
uses 5 min of data to provide a single fetal ECG, and is capable of 
obtaining a fetal ECG in 99.0% of patients.

Our method of using multiple ECG segments per patient increased 
the detection performance. Even though the performance appears to 
be optimal for a measurement of at least 37.5 min, the number of ECG 
segments available per measurement should be considered. The sud-
den saturation of performance can be explained by only a single mea-
surement of the test set having more than 14 ECG segments.

F I G U R E  1  Flow diagram of patient 
inclusions and the consequent division in 
train and hold- out test sets as used in this 
paper.

TA B L E  1  An overview of patient characteristics.

Healthy cohort 
(n = 311), 
mean ± SD

CHD group 
(n = 140), 
mean ± SD

Age (year) 31.3 ± 4.2 30.6 ± 4.7

BMI (kg/m2) 24.3 ± 5.2 24.4 ± 4.4

Gestational age (weeks)a 20.1 ± 1.1 23.2 ± 3.3

Gravidity 2.0 ± 1.1 2.2 ± 1.5

Parity 0.6 ± 0.7 0.8 ± 0.9

Abbreviations: BMI, body mass index; CHD, congenital heart disease; 
SD, standard deviation.
ap < 0.05.
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Furthermore, the AUC increased from 0.76 to 0.78 when con-
sidering only the 101 participants for whom more than eight ECG 
segments were available, again stressing the relevance of the im-
plemented method of combining individual ECG segments, and the 
need for research on longer measurements.

There was a small dependency of the classification accuracy on 
gestational age. As the cardiac intervals are known to change with 
fetal maturation,46 this may be influenced by the significant dif-
ference in gestational age between the healthy and CHD fetuses. 
Moreover, this dependency may be influenced by the lower number 

of available training and/or test samples available in the higher ges-
tational ages.

The number of fetuses with CHD in the training set was limited, 
which may have affected the algorithm's ability to detect specific 
CHD categories. For instance, no cases from the test data classified 
as venous return anomaly were detected by the algorithm, which 
may be explained by the absence of cases with such an anomaly in 
the training data. However, even though cases of hypoplastic right 
heart syndrome (HRHS) were lacking in the training data as well, 
HRHS was successfully detected in the test data. Possibly a per-
sistent left superior caval vein has no effect on the fetal ECG, but 
HRHS does. Even though Appendix S2 gives some insight into the 
internal workings of the model, we do not know what the computer 
sees as discriminant between CHD and non- CHD, making it difficult 
to identify what factors in the training cohort affect the algorithm's 
detection ability.

As ECG complexes were combined to enhance the quality of the 
signals, inter- beat variations in the morphology of the ECG were lost 
and we could only detect structural electrical abnormalities. With 
additional signal enhancement methods, we may be able to reduce 
the number of heartbeats necessary for averaging to the extent 
where inter- beat variations can become visible and the method 
could also be used to study arrhythmias.

The sensitivities of the implemented ECG- based detection 
were highest for hypoplastic left and right heart syndromes 
(100%), but these diagnoses were sparsely represented in the test 
cohort. More importantly, the detection rate was good for some 
CHD that have low detection rates in routine screening, namely 
conotruncal and aortic arch anomalies, which made up almost half 
of our test group.

Although the reported detection rates generally outperform 
those found for sonographic screening, the specificity was 77%. 

F I G U R E  2  Receiver operating characteristics curve for the 
detection of congenital heart disease considering the combined 
probability for all available electrocardiographs per patient in the 
test data. The marked dot gives the point with maximum Youden's 
J- statistic, corresponding to a decision threshold at 0.05%.

TA B L E  3  Algorithm sensitivity when operating the algorithm at a specificity of 95%. Sensitivities are given for all congenital heart disease 
(CHD) and CHD requiring intervention at different stages of life, stratified per CHD type.

Category Algorithm detection

CHD requiring an intervention

Neonatally During first year At any stage

Septal defects 6/11 54.5% 0/0 n/a 4/5 80% 5/6 83.3%

Valvular anomalies 0/1 0.0% 0/0 n/a 0/0 n/a 0/0 n/a

Venous return anomalies 0/2 0.0% 0/0 n/a 0/0 n/a 0/0 n/a

Aortic arch anomalies 3/11 27.3% 1/3 33.3% 2/6 33.3% 3/8 37.5%

Conotruncal anomalies 6/16 37.5% 4/12 33.3% 6/16 37.5% 6/16 37.5%

Hypoplastic right heart 
syndrome

0/1 0.0% 0/1 0.0% 0/1 0.0% 0/1 0.0%

Hypoplastic left heart 
syndrome

2/2 100% 2/2 100% 2/2 100% 2/2 100%

Other univentricular heart 
defects

1/6 16.7% 1/4 25.0% 1/6 16.7% 1/6 16.7%

Complex defects with 
isomerism

0/3 0.0% 0/1 0.0% 0/2 0.0% 0/2 0.0%

Miscellaneous 1/4 25.0% 0/1 0.0% 0/1 0.0% 0/1 0.0%

Total 19/57 33.3% 8/24 33.3% 15/39 38.5% 17/42 40.5%
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Even though a lower specificity might be acceptable because the 
implications of missing an important diagnosis as opposed to a false 
positive are much worse, the number of false- positive cases and 
their implications may be reduced by using a different threshold for 
the classification of positives. Despite the model's sensitivity drop-
ping to 33% for a specificity of 95%, the algorithm still outperforms 
sonographic screening for the cases with septal defects and aortic 
arch anomalies when operated in this way. These cases illustrate how 
an ECG, based on a different physical principle, shows sensitivity 
to different types of CHDs. In future work, we therefore envision 
the exploration of ECG- based screening as a tool complementary to 
the customary ultrasound screening for CHD. As the current data 
set does not allow the evaluation of such a combined screening, this 
work should be considered as a feasibility study, requiring further 
research.

When considering the use of ECG- based screening comple-
mentary to conventional ultrasound screening, the duration of this 
screening would increase by more than 30 minutes. However, these 
measurements do not require the presence of a caregiver and are 
therefore expected to minimally increase workload. With the mini-
mal instruction that is required for these measurements and recent 
attention for remote electrophysiological monitoring,47,48 it may 
even be possible for patients to perform them at home.

Our method achieved higher detection rates than those reported 
for standard ultrasound screening,14,16– 20,49 but the data set was bi-
ased towards more severe CHD. The detection of severe CHD cases 

is expected to have the highest impact on morbidity and mortality 
because we can set the required medical care in motion to offer that 
individual the best perinatal care. Should we miss a small ventricular 
septal defect that will close spontaneously during the rest of the 
pregnancy or first year of life, this will not affect the neonate det-
rimentally and the baby can be born without any fear of problems 
from the ventricular septal defect during the birth or transition.

Furthermore, it should be mentioned that anatomical malforma-
tions might not necessarily be accompanied by electrical abnormal-
ities in the fetus, but subtle abnormalities might be accompanied by 
relatively large electrical abnormalities that can easily be detected.

Future work should aim at improving the signal processing chain 
to reduce or omit the need for combining multiple heartbeats, po-
tentially further increasing the performance and allowing for the 
additional analysis of arrhythmias.

Apart from taking the median of multiple heart beats over time 
to eliminate temporally uncorrelated noise, the vectorcardiogram 
might be used to correct for fetal orientation and movement during 
the measurement.50 This enhancement of the signal quality by using 
this three- dimensional representation of the ECG could improve the 
model performance and reduce the measurement time required to 
reach optimal performance, both increasing the method's potential. 
Moreover, the vectorcardiogram might be used to simulate random 
rotations, which would help to prevent our network from learning 
to associate fetal position with CHD, which may arise from the cur-
rently small data set. Similarly, the detection performance might 
be improved by incorporating the currently omitted two channels. 
However, an extensive data set is needed for the optimization of 
algorithms for removal of interferences and detection of QRS- 
complexes when using more than four channels. The vectorcardio-
gram approach works independently of the number of channels and 
hence is favorable due to being directly applicable to the six- lead 
measurement.51

Furthermore, some CHD manifest themselves by alterations in 
the orientation of the electrical heart axis. For most of the recordings 
in our data set, information on the fetal orientation was available and 
the orientation of the electrical heart axis could be calculated.36,52 
This would yield additional information that could increase the CHD 

F I G U R E  3  (A) The effect of the maximum measurement length 
on the performance. (B) The number of electrocardiographs (ECGs) 
extracted per measurement for the 121 measurements in the test 
data set.

F I G U R E  4  Classification accuracy as a function of the 
gestational age during measurement, the given performance and 
numbers refer to the test set only, but conform to the distribution 
as seen in the training data.
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detection rates and could be the subject of further investigations. 
Similarly, further research on the possibilities of FHR to improve 
ECG- based detection should be conducted on a more extensive data 
set or by including longer FHR fragments.

5  |  CONCLUSION

This feasibility study shows that detection rates of CHD might im-
prove by extending the standard ultrasound- based screening with 
fetal electrocardiography, which is achievable for 99.0% of patients. 
However, more research is required to improve performance and to 
determine the benefits to clinical practice.
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