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Abstract 

Background: Worldwide, hypertensive disorders of pregnancy (HDP), fetal growth restriction (FGR) and preterm 
birth remain the leading causes of maternal and fetal pregnancy-related mortality and (long-term) morbidity. Fetal 
cardiac deformation changes can be the first sign of placental dysfunction, which is associated with HDP, FGR and 
preterm birth. In addition, preterm birth is likely associated with changes in electrical activity across the uterine mus-
cle. Therefore, fetal cardiac function and uterine activity can be used for the early detection of these complications in 
pregnancy. Fetal cardiac function and uterine activity can be assessed by two-dimensional speckle-tracking echocar-
diography (2D-STE), non-invasive fetal electrocardiography (NI-fECG), and electrohysterography (EHG). This study aims 
to generate reference values for 2D-STE, NI-fECG and EHG parameters during the second trimester of pregnancy and 
to investigate the diagnostic potential of these parameters in the early detection of HDP, FGR and preterm birth.

Methods: In this longitudinal prospective cohort study, eligible women will be recruited from a tertiary care hospital 
and a primary midwifery practice. In total, 594 initially healthy pregnant women with an uncomplicated singleton 
pregnancy will be included. Recordings of NI-fECG and EHG will be made weekly from 22 until 28 weeks of gestation 
and 2D-STE measurements will be performed 4-weekly at 16, 20, 24 and 28 weeks gestational age. Retrospectively, 
pregnancies complicated with pregnancy-related diseases will be excluded from the cohort. Reference values for 
2D-STE, NI-fECG and EHG parameters will be assessed in uncomplicated pregnancies. After, 2D-STE, NI-fCG and EHG 
parameters measured during gestation in complicated pregnancies will be compared with these reference values.

Discussion: This will be the a large prospective study investigating new technologies that could potentially have a 
high impact on antepartum fetal monitoring.

Trial registration: Registered on 26 March 2020 in the Dutch Trial Register (NL8769) via https:// www. trial regis 
ter. nl/ trials and registered on 21 October 2020 to the Central Committee on Research Involving Human Subjects 
(NL73607.015.20) via https:// www. toets ingon line. nl/ to/ ccmo_ search. nsf/ Searc hform? OpenF orm.
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Background
Hypertensive disorders of pregnancy (HDP), fetal growth 
restriction (FGR) and preterm birth are three major com-
plications of pregnancy, associated with high maternal 
and fetal morbidity and mortality. These pregnancy com-
plications have incidences of respectively up to 15 [1], 10 
and 18% [2]. They often occur in combination because of 
an overlapping pathophysiology between HDP, FGR and 
preterm birth; for this study protocol merged as preg-
nancy-related diseases (PRD).

The contemporary method for antepartum fetal and 
uterine monitoring is cardiotocography (CTG), using 
Doppler ultrasound (DU) and external tocodynamom-
etry (TOCO), in combination with abdominal ultrasound 
measurements evaluating fetal growth and uteroplacental 
blood flow. However, none of these tools has been truly 
successful for the early detection of PRD. Therefore, there 
is a need for an antepartum monitoring method that can 
detect PRD at an early stage of pregnancy, even before 
clinical symptoms are perceptible, to comprehensively 
monitor the pregnancy and prevent severe complications.

The pathophysiology of PRD is complex, but abnor-
mal placentation has an important place. Normal pla-
centation is associated with cytotrophoblast invasion 
in the spiral arteries causing structural changes which a 
decrease of the resistance of these vessels. This process 
makes the spiral arteries less sensitive to vasoconstric-
tion, which ensures an undisturbed exchange function 
between mother and child. In HDP, normal cytotropho-
blast invasion has been disrupted which induces higher 
sensitivity to vasoconstriction, which may lead to chronic 
placental ischemia [3]. FGR frequently evolves as a con-
sequence of chronic placental ischemia, consequently 
failing to supply fetal needs for growth and development 
[3].

The chronic hypoxic environment and elevated placen-
tal resistance leads to fetal cardiac remodelling, initiated 
by pressure changes and volume overload of the fetal 
heart. To maintain cardiac output, the ventricle shape of 
the fetal heart changes from an ellipse to a more globular 
shape and myocardial hypertrophy occurs [4–6].

Abnormal placentation also induces a decrease in the 
placental enzyme 11 Beta Hydroxysteroid Dehydrogenase 
(11β-HSD) type 2 that normally acts as a dehydrogenase, 
converting cortisol into the inactive metabolite corti-
sone [7]. This process is physiologic at term to inhibit 
fetal growth and induce labour [8]. However, during the 

second trimester a decrease of 11β-HSD type 2 can be a 
sign of abnormal placentation as present in HDP or FGR 
[9, 10]. Low levels of the placental enzyme 11β-HSD type 
2 result in an increased exposure of the fetus to cortisol 
[7]. This hypothetically leads to overstimulation of the 
sympathetic branches of the autonomic nervous system. 
Subsequently, a sympathetic-parasympathetic imbalance 
is caused that can be reflected by a decreased fetal heart 
rate variability (fHRV).

Spontaneous preterm delivery is likely associated with 
a change in uterine cell excitability, favouring conduction 
of electrical activity across the uterine muscles [11, 12]. 
High cortisol levels prepare the fetus for extra-uterine life 
by fetal lung maturation [13]. Cortisol also stimulates the 
expression of corticotropin releasing hormone (CRH) in 
the placenta, the major source of CRH secretion from 16 
weeks GA onwards [13, 14]. In the fetus, increased CRH 
leads to a positive feed-forward loop that further drives 
the hypothalamic-pituitary-adrenal axis. Ultimately, this 
results in the start of labour by contraction-associated 
protein activation and stimulation of uterotonic ago-
nists [13]. Moreover, CRH directly affects myometrial 
contractility [13, 15]. In this way, the altered uterine cell 
excitability in preterm birth may be a result of high fetal 
cortisol levels in PRD.

With the above in mind, promising novel technologies 
for evaluation of fetal cardiac functioning and uterine 
activity are two-dimensional speckle-tracking echocar-
diography (2D-STE), non-invasive fetal electrocardiogra-
phy (NI-fECG) and electrohysterography (EHG). 2D-STE 
is an echocardiographic imaging technique that analyses 
tissue motion in the heart by using the natural occurring 
speckle pattern in the myocardium, 2D-STE is therefore 
able to assess myocardial deformation [16, 17]. Deforma-
tion measurements are thought to change with fetal car-
diac adaptation caused by placental dysfunction [18–20]. 
By using the Nemo Fetal Monitoring System® (NFMS), a 
non-invasive recording method using a transabdominal 
electrode patch, NI-fECG and EHG can be measured. 
NI-fECG reflects fHRV by measuring a beat-to-beat 
heart rate [21], whereas EHG measures uterine electrical 
activity. Combining NI-fECG and EHG can also display a 
contemporary CTG.

All 2D-STE, NI-fECG and EHG might be helpful to 
detect PRD at a very early stage of pregnancy. However, 
more extensive research is required to enhance their 
diagnostic potential and clinical applicability. Therefore, 
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this study aims to gain new expertise on normal fetal 
cardiac functioning and uterine activity in the second 
trimester, and to investigate the diagnostic potential of 
2D-STE, NI-fECG and EHG for early detection of PRD.

Methods
This paper is based on version 4.0 of the study protocol 
approved by the medical ethics committee.

Study objectives
In order to detect PRD based on 2D-STE or NI-fECG and 
EHG parameters, it is first needed to better understand 
the physiological changes of the fetal heart and uterine 
muscle in early pregnancy. Therefore, the primary objec-
tive is to generate reference values of 2D-STE, NI-fECG 
and EHG parameters in uncomplicated pregnancies dur-
ing the second trimester (16 until 28 weeks gestational 
age (GA)), providing more detailed information about 
the (electro)physiological development and modelling of 
the fetal heart and uterine activity.

Secondary, PRD manifestation will be related to 
2D-STE, NI-fECG and EHG parameters to investigate the 
diagnostic potential of these parameters and the possibil-
ity to develop a prediction model.

Additional study objectives will be: to explore car-
diac fetal-maternal coupling as maternal ECG can be 
derived from the NFMS simultaneously with NI-fECG. 
Moreover, the collected data can be used to tune and 
verify a mathematical model that simulates fetal devel-
opment in a perinatal life support system that is cur-
rently being developed. Finally, a quality assessment will 
be performed evaluating the inter- and intra-observer 
variability, reliability and reproducibility of 2D-STE and 
NI-fECG measurements.

Setting
For this longitudinal prospective cohort study, pregnant 
women will be recruited from a tertiary care hospital and 
a primary midwifery practice, both situated in Veldhoven, 

The Netherlands. The women will be recruited around 
12 weeks GA during a regular consultation with their 
obstetric healthcare professional, e.g. gynaecologist, resi-
dent or midwife.

Population
To be eligible to participate in this study, woman must 
be 18 years or older and pregnant with an uncomplicated 
singleton pregnancy before 16 weeks GA at the time of 
inclusion (Table 1).

Exclusion criteria are a pre-existing maternal disease 
that might influence fetal development; fetal abnormali-
ties that might influence fetal cardiac functioning found 
at any ultrasound scan during pregnancy; contra-indica-
tions to abdominal patch placement or insufficient ability 
to understand Dutch or English language (Table 1).

Included participants can withdraw from study partici-
pation at any time without giving reason and without any 
consequences. The researcher can also decide to with-
draw a woman from the study for urgent medical reasons 
making measurements impossible and unsafe (e.g. neces-
sity for hospitalisation).

Regular pregnancy follow-up continues at the women’s 
obstetric healthcare professional. The researcher will 
evaluate if a woman developed a PRD during pregnancy, 
after childbirth. This information will be obtained from 
the patient record at the tertiary care hospital or primary 
midwifery practice. If the woman did develop a PRD, all 
measurements will be evaluated in the corresponding 
PRD group. If the woman did not develop a PRD, the data 
will be evaluated in the control group. To increase inter-
nal validity, unambiguous definitions for PRD are formu-
lated (Table 2).

Study design
Potential participants will be informed about the study by 
their obstetric healthcare professional. They provide her 
with a brief explanation and the written study informa-
tion. The healthcare professional also asks permission 

Table 1 In- and exclusion criteria

GA gestational age, NFMS Nemo Fetal Monitoring System®

Inclusion criteria Exclusion criteria

Pregnant with a singleton pregnancy. Pre-existing maternal disease that might influence fetal development (e.g. diabetes mellitus, pre-existent 
hypertensive disease or chronic medication use for maternal illness).

Uncomplicated pregnancy at the time 
of inclusion.

Abnormalities found at any ultrasound scan that might influence fetal cardiac function (e.g. fetal cardiac 
arrhythmias or congenital cardiac abnormalities).

GA <16+0 weeks Contra-indications to abdominal patch placement of the NFMS (e.g. dermatologic diseases of the abdomen 
precluding preparation of the abdomen with abrasive paper, or external or implanted electrical stimulator).

Oral and written consent is obtained. Insufficient ability in understanding Dutch or English language.

Maternal age ≥ 18 years.
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for the researchers to call the woman to further explain 
the study procedures, verify the in- and exclusion criteria 
(Table  1), answer any uncertainties and emphasise that 
participation is completely voluntary.

Once a woman is included, 2D-STE measurements will 
be performed 4-weekly at 16, 20, 24 and 28 weeks GA. 
Weekly NI-fECG and EHG recordings will be made from 

22 until 28 weeks GA. Follow up ends six weeks after 
delivery (Fig. 1).

The interval for 2D-STE, NI-fECG and EHG meas-
urements are chosen to generate clear and specific ref-
erence values. As opposed to the weekly NI-fECG and 
EHG measurements, a 4-weekly evaluation is chosen 
for 2D-STE because of the small size of the fetal heart; 

Table 2 Definitions of PRD

PRD Pregnancy Related Diseases, HDP Hypertensive Disorders of Pregnancy, GA Gestational Age, FGR Fetal Growth Restriction, ALAT enzyme Alanine-
Aminotransferase, ASAT enzyme Aspartate-Aminotransferase, HELLP Haemolysis, Elevated Liver enzymes, Low Platelets, LDH Lacto-Dehydrogenase, DIC Disseminated 
Intravascular Coagulation

PRD Definition

HDP [1]

 Pregnancy induced 
hypertension

Two independent measurements (time gap at least 4 hours) after 20 weeks GA of a systolic blood pressure ≥140mmHg AND/
OR a diastolic blood pressure ≥90mmHg (severe hypertension = systolic blood pressure ≥160mmHg, AND/OR diastolic blood 
pressure ≥110mmHg).

 Pre-eclampsia - Hypertension as described above AND one or more of the following:
- Proteinuria AND/OR:
 ○ Protein/creatinine ratio ≥30mg/mmol OR;
 ○ Proteinuria of ≥300mg/24 hour.
(Massive proteinuria = protein/creatinine ratio >500mg/mmol OR >5g/24 hour)
- Uteroplacental dysfunction (such as FGR, abnormal umbilical artery Doppler, or stillbirth) AND/OR:
- Other maternal organ dysfunction, including:
 ○ Acute kidney injury (creatinine ≥ 90μmol/L).
 ○ Liver involvement (elevated transaminases e.g. ALAT or ASAT > 40U/L).
 ○ Neurological complications (eclampsia, altered mental state, blindness, stroke, clonus, severe headaches, persistent visual 
scotoma).
 ○ Haematological complications (thrombocytopenia <150,000/μL, DIC, haemolysis).

 HELLP-syndrome Combination of symptoms that signifies a more serious manifestation of pre-eclampsia [1]. Defined as a combination of:
- Haemolysis (LDH ≥600 U/L, haptoglobin <0.2g/L AND;
- Elevated liver enzymes (ASAT or ALAT >70U/L) AND;
- Low platelets (<100*109/L).

FGR [22] Birthweight corrected for GA <10th percentile.

Preterm birth [23] Babies born alive <37 weeks GA.
- Extremely preterm: <28 weeks GA.
- Very preterm: 28 to 32 weeks GA.
- Moderate to late preterm: 32 to 37 weeks GA.

Fig. 1 Inclusion will take place before 16 weeks GA. 2D-STE will be performed 4-weekly at 16, 20, 24 and 28 weeks GA. Weekly NI-fECG and EHG 
recordings will be made from 22 until 28 weeks GA. Follow up ends six weeks after delivery
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measurement errors would probably have an undesirable 
large impact if the interval is narrowed. The chosen inter-
val is in line with previous research in the field [24, 25].

2D‑STE parameters
To analyse fetal cardiac remodelling, a competent sonog-
rapher acquires a four-chamber view of the fetal heart. A 
sonographer is considered competent after completing a 
training course where standard operating procedures are 
taught by an experienced obstetrician. A Philips EPIQ 
7 ultrasound system will be utilized (Royal Philips N.V., 
Amsterdam, The Netherlands), including an appropriate 
ultrasound probe generating high frame rates (≥80Hz) 
to acquire sufficient quality of Digital Imaging and Com-
munications in Medicine (DICOM) images for analysis 
[16, 17]. Using the right settings, including sector width, 
depth and zoom box is essential to achieve high frame 
rates. If the four-chamber view is properly obtained, a 
DICOM clip of at least three complete heart cycles will 
be saved. Data are acquired during fetal rest, with the 
pregnant woman holding her breath to avoid as many 
artefacts as possible.

Analysis for 2D-STE will be performed offline by inde-
pendent and experienced researchers blinded to PRD. 
The DICOM clips will be analysed using the offline 2D 
Cardiac Performance 1.2 software (TomTec Imaging Sys-
tems GmbH, Munich, Germany).

The following 2D-STE parameters will be investigated 
in this study to assess fetal cardiac remodelling: global 
longitudinal strain, global longitudinal strain rate, veloc-
ity, dyssynchrony, sphericity index and shortening frac-
tion [26]. However, global longitudinal strain and global 
longitudinal strain rate are considered to be the most 
realistic in the small fetal heart [16].

It has always been assumed that 2D-STE is an angle 
independent modality [16]. However, recent research 
indicates that insonation angle significantly influence 
fetal global longitudinal strain [27]. Because of some 
major shortcomings of this study, first additional evi-
dence should be acquired to clarify the actual effect of 
insonation angles on fetal global longitudinal strain. In 
anticipation thereof, for every STE measurement three 
different DICOM clips will be generated corresponding 
to the various angles of insonation. Insonation angles will 
be defined as the angle between the ultrasound beam and 
fetal intraventricular septum. They will be divided into 
three groups: apex up or down (0° ± 22° or 180° ± 22°), 
apex oblique (45° ± 22°, 135° ± 22°, 225° ± 22° or 315° 
± 22°) and apex perpendicular (90° ± 22° or 270° ± 22°) 
[27].

NI‑fECG and EHG parameters
Weekly NI-fECG and EHG measurements will be per-
formed using a NFMS (Nemo Healthcare®, Veldhoven, 
The Netherlands). The system is CE-licensed and already 
in use as standard care in several hospitals throughout 
Europe.

The NFMS consists of a base, link and abdominal patch, 
including six electrodes (Fig. 2). Participants will be lying 
down in a semi-recumbent position during the NI-fECG 
and EHG recording. The electrode patch will be applied 
by trained staff according to the instructions of the man-
ufacturer; the patch will be placed within the boundaries 
of the uterus (Fig. 3). After washing the abdominal skin 
with water and soap, the skin must be slightly abraded 
with medical abrasive paper. This step is crucial to 
achieve low skin impedance, ensuring good electrical 
conduction of the fetal heart signal [28]. The optimal 
cut-off value for skin impedance depends on the device 

Fig. 2 The NFMS consists of three components: base, link and patch (source: user manual Nemo Fetal Monitoring System®)
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that is used for NI-fECG measurements. Therefore, sig-
nal conduction quality will be indicated by the device 
with “good”, “suboptimal” or “bad”. When impedances are 
suboptimal or bad, skin abrasion can be repeated once. 
Every recording will last for 40 minutes. Researchers and 
subjects are blinded to the NI-fECG and EHG recordings 
and will be analysed retrospectively after childbirth.

Indexes of NI-fECG that will be analysed are fHRV in 
both time and frequency domain and cardiac time inter-
vals (CTI). Time-domain indexes quantify the amount 
of variability between successive heartbeats [29, 30]. 
Frequency domain indexes estimate the distribution 
of power into the different frequency bands. The low-
frequency (LF) power component of fHRV (0.04–0.15 
Hz) is often used as a reflection of sympathetic activ-
ity. High-frequency (HF) power (0.4-1.5 Hz) represents 
parasympathetic activity. The ratio between LF and HF is 
regularly used to describe sympathetic-parasympathetic 
balance [30, 31].

The fetal heart grows proportionally with the complete 
fetal body and the time an electrical signal needs to travel 
before it can depolarize the muscle fibres is related to the 
size of the fetal heart [32]. With this in mind, CTI can 
potentially reflect FGR or cardiac remodelling [33]. CTI, 
such as PR-, QT-, PQ-, ST- or QRS intervals, will there-
fore also be obtained from the NI-fECG.

To conduct a dependable NI-fECG complex, it is essen-
tial to take into account the moving fetus and according 
changes in the fetal heart axis. Therefore, fetal orienta-
tion will be defined using an abdominal ultrasound at 
the beginning of every NI-fECG recording. The research-
ers are capable to track fetal movements from this point 
onwards based on the fetal heart electrical signal. To 
ensure a correct fetal position measurement, the fetal 
position measurement will be repeated once more. Fetal 

orientation will be documented in a digital fetal position 
annotator.

Description of CTG waveforms will be similar 
to the Fédération Internationale de Gynécologie et 
d’Obstétrique (FIGO) classification and includes baseline 
heart frequency, variability and reactivity [34].

For EHG, indexes that will be analysed are contraction 
frequency, duration, amplitude, conduction velocity and 
entropy.

All 2D-STE, NI fECG, and EHG measurements will be 
performed by trained researchers at the outpatient clinic 
of the tertiary care hospital. All other required demo-
graphic and medical information will be obtained from 
the prospective collected electronic patient files at the 
tertiary care hospital or the primary midwifery practice. 
This includes maternal information: age, ethnicity, body 
mass index, obstetric history, general medical history, 
medication use, intoxications, information about the 
course of pregnancy, complications during pregnancy, 
delivery or postpartum, ultrasound results such as fetal 
growth, structural abnormalities or Doppler measure-
ments. Neonatal information: gender, birthweight, 
admission to neonatal ward with reason, Apgar scores, 
pH in umbilical artery and vein, mortality, general infor-
mation on neonatal health in the first 6 weeks postpar-
tum. Research Manager (ISO 27001 certified) is used to 
store patient data.

Sample size
A total of 200 healthy participants would be sufficient to 
generate reliable reference values; precision would only 
slightly increase by including additional participants [35]. 
This follows from the formula to calculate the standard 
error:

Fig. 3 Placement of the abdominal patch. In all places where an electrode is placed, the skin must first slightly be abraded to achieve low skin 
impedance (source: user manual Nemo Fetal Monitoring System®)
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However, this number of participants (n=200) will not 
be adequate to answer the secondary objective. For that 
reason, sample size numbers are based on the secondary 
outcomes.

Incidence for HDP is up to 15% [36], up to 10% for 
FGR [37] and up to 18% for preterm birth [2]. Based on 
very limited previous research on the effect of HDP on 
2D-STE, an effect size of 0.4 could be calculated [18]. 
We used G*Power 3.1 software to calculate the sample 
size using a two-tailed test with a power of 0.8, an effect 
size of 0.4, alpha 0.05 and an allocation ratio of 10. This 
results in 54 participants for each PRD group, respec-
tively. To achieve this, we will include 540 participants 
in the cohort, given the PRD incidence of at least 10%. 
Anticipating on 10% loss to follow-up, 594 participants 
are expected to be included in the cohort. Inclusions will 
continue until 54 participants are included in each PRD 
group (Fig. 4).

Statistical analysis
The population on which the reference values will be 
based consists of all women with a healthy pregnancy. 
Parametric statistics will be used to describe normally 
distributed data; otherwise non-parametric statistics 
will be used, including 95%-confidence intervals. The 
linear mixed model will be used. This method accounts 
for measurements in which all patients are measured 

SE = SD ∗

√

3/n repeatedly at the same time intervals. If needed, multi-
ple imputation will be applied for missing data to retain 
power.

Secondarily, we will investigate the diagnostic potential 
of 2D-STE, NI-fECG and EHG. To examine this, a logistic 
regression model will be applied to model the binomial 
outcome data to covariates. It is our intention to esti-
mate the impact of each variable on the odds ratio of the 
observed event of interest. This will be achieved by per-
forming a multivariate regression analysis including all 
variables that are associated with the outcome based on 
either existing literature or data of this study. To reduce 
the risk of overfitting, a backward elimination proce-
dure will be performed and information criteria will be 
used. Possible multicollinearity will be investigated using 
the variance inflation factor. If multicollinearity exist, it 
will then be considered to centre the data or remove a 
variable from the logistic regression model. A receiving 
operating characteristic (ROC) curve will be generated 
using the probabilities as calculated with the multivariate 
regression model to calculate the area under the curve 
and define the optimal cut-off value for 2D-STE, NI-
fECG and EHG measurements correlated with PRD. Sen-
sitivity, specificity, positive- and negative predictive value 
with 95% confidence intervals will be calculated for this 
cut-off.

It is important to recognize that HDP and FGR have 
overlapping pathogenesis. For that reason, the FGR cases 
will be excluded for analysis of the HDP group and vice 

Fig. 4 Flow chart of sample size calculation
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versa to secure an unadulterated comparison [38]. A 
p-value of <0.05 is considered statistically significant for 
all statistics.

Interim analysis
An interim analysis will be performed after 20 partici-
pants completed all measurements for this study. The 
main purpose of this analysis is to assess the quality of 
the NI-fECG and EHG measurements, since abdominal 
patches will be reused for repeated measurements within 
the same participant. If the quality turns out to be insuffi-
cient for analysis, we will no longer reuse the patches but 
apply a new patch for each NI-fECG and EHG measure-
ment. Participants with insufficient data will be excluded 
and replaced by another woman.

Discussion
All technical resources investigated in this study might be 
very helpful to detect PRD at a very early stage of preg-
nancy and can potentially prevent serious complications 
by early detection of PRD. However, it is a very novel area 
and more extensively research is required before it can be 
implemented in daily practice. Due to the comprehen-
siveness of this study, the final database can also be used 
as a reference database for future research.

The definition of FGR as used in this study may cause 
controversy since the individualized growth potential is 
not taken into consideration. Consequently, large fetuses 
that did not reach their growth potential can be missed 
as FGR whereas constitutionally small fetuses will pos-
sibly be over diagnosed. Dynamic definitions, which 
include pulsatility index of the umbilical and uterine 
artery, are compiled trying to incorporate this individual 
growth potential [39]. However, literature disagrees on 
the advantage of a dynamic definition on clinical out-
come [40]. Moreover, research showed signs of prenatal 
cardiac dysfunction in constitutionally small fetus, indi-
cating that at least a proportion of them is not just “con-
stitutionally” small [41, 42].

The Hadlock ultrasound measurements are the best 
available antepartum method to estimate fetal growth. 
However, ultrasound measurements are sensitive to sig-
nificant measurement errors in the diagnosis of FGR [43]. 
For that reason, the antepartum definition according to 
the Dutch guidelines [44], will not be adhered to for this 
study. Instead, birthweight corrected for GA will be used 
[22].

The 2D-STE is highly sensitive and capable of detect-
ing preclinical myocardial deformations in adults [45]. 
Previous research identified echocardiographic cardiac 
changes without deviations in conventional ultrasound 
measurements in the fetus [18]. This implicates that car-
diac remodelling is first in the pathological pathway and 

could be a superior method for early detection of PRD 
in the future. In previous research, significantly deviat-
ing results for cardiac deformation in healthy pregnan-
cies compared to pregnancies complicated by  HPD19 or 
FGR [20] were found. Though, due to great heterogeneity 
more research is fundamental.

NFMS consists of NI-fECG and EHG measurements, 
which together generate a CTG [46]. Nowadays, antepar-
tum CTG is generated by DU and TOCO to deter-
mine fetal wellbeing. However, CTG measured by DU 
and TOCO faces some major disadvantages; both are 
adversely influenced by maternal obesity and maternal 
and fetal movements. Signal loss of the fetal heart rate 
may occur often, inflicting frequent relocation of the DU 
transducer. Unlike DU and TOCO, NI-fECG and EHG 
are less influenced by maternal obesity [47]. Also, higher 
sensitivity and reliability of NI-ECG and EHG compared 
to DU and TOCO was found in literature [48, 49]. There-
fore, NI-fECG and EHG are promising alternative non-
invasive monitoring methods for antepartum assessment 
of fetal and maternal wellbeing.

Additionally, NI-fECG and EHG enables possibilities 
for detection of PRD as early as the second trimester. The 
NFMS measures NI-fECG as well as EHG allowing for 
analysing of every consecutive fetal ECG complex as well 
as electrical uterine activity.

As mentioned in the introduction, fHRV is an impor-
tant indicator to assess fetal wellbeing [50]. The FIGO 
classification already assesses this parameter, though 
the widely used DU uses averaged heart rate frequency 
on which medical professionals can only interpret grada-
tions of fHRV [34]. In contrast, the application of spec-
tral analysis (used to distil LF and HF frequency power) 
on the consecutive fetal ECG complexes gives very spe-
cific information about the functioning of both branches 
of the autonomic nervous system. Thus, fHRV assessed 
by DU is less accurate and less detailed compared to the 
real-time variability assessed by NI-fECG. We hypothe-
sise that fHRV decreases in women diagnosed with HDP 
and FGR.

Literature shows that fetal movements affect fHRV 
gradually during gestation [51, 52]. However, fetal behav-
ioural states have only been observed from 33 weeks GA 
and cannot be distinguished in the second trimester [53]. 
Other types of fetal movements, like respiratory sinus 
arrhythmias and fetal gross motor activity, have only 
shown a relevant effect on accelerations from 30 weeks 
GA [54, 55]. In the second trimester, minimal differences 
in fetal heart rate characteristics between the active and 
inactive fetus have been observed [55]. For this reason, 
fetal movements are not taken into account for this study.

CTI is another parameter that cannot be derived from 
contemporary CTG using DU, but will be analysed 
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in our study. We hypothesise that CTI decreases as a 
sign of placental dysfunction and the resulting cardiac 
deformations.

Previous research showed promising results of some 
EHG parameters to predict preterm deliveries [11, 56, 
57]. Most of the studies were based on the Term-Pre-
term EHG Database, a public database of EHG record-
ings during regular check-ups containing both term and 
preterm deliveries [57]. However, many different meas-
urement properties are used in literature. To the best of 
our knowledge, normal values of EHG parameters dur-
ing uncomplicated pregnancy are lacking. We expect to 
demonstrate differences in EHG parameters in women 
who will deliver preterm and women who deliver term; 
entropy might be smaller in women delivering preterm, 
whereas contraction frequency, intensity and velocity 
might be higher. By identifying these differences early in 
gestation, we aim to diagnose and predict preterm birth 
better in the future.

Study limitations
Between 28 and 32 weeks GA, the fetus is covered in a 
fatty layer, the vernix caseosa, which may cause distur-
bances in the fetal cardiac signal and which can there-
fore lead to insufficient data for analysis of NI-fECG [28]. 
However, most measurements will be performed before 
the vernix period. Yet, a poor signal will not be noticed 
by the researcher during the measurement, because the 
screen of the NFMS is shielded. The researcher is there-
fore unable to adjust the abdominal patch to improve sig-
nal quality.

Accurate determination of the fECG amplitudes may 
be subject to large inter-observer variability. This can 
complicate the defining of CTI. The premature GA and 
the corresponding small size of the fetal heart in combi-
nation with large signal noise can predominate the small 
repolarization signal of the fetal atria. Band-pass filters 
incorporated in the NFMS are supposed to filter most 
signal noise and make the fetal signal as clear as possible.

Ethics and risk assessment
For correct application of the NFMS patch, only a neg-
ligible chance of mild skin irritation or a minor allergic 
reaction caused by abrading the abdominal skin or apply-
ing conduction gel can be expected. However, some other 
troublesome situations should be explained carefully. 
In current practice, decisions on the need for obstetric 
interventions are primarily based on ultrasounds meas-
urements and CTG parameters similar to the param-
eters collected in this study with the NFMS. However, in 
the non-viable period, it is very unusual to execute this 
examination as there is yet no clinical action indicated 
in case of abnormal findings. Moreover, it is unknown if 

reference values for term fetuses can be applied to fetuses 
during the preterm period.

In the Netherlands, the non-viable period is defined as 
pregnancies before 24 weeks GA. For this study, NI-fECG 
and EHG measurements are conducted as early as 22 
weeks GA. By blinding the NI-fECG and EHG measure-
ments, the researchers assure that clinical decisions are 
based solely on standard care and possible ethical dilem-
mas are evaded.

Nevertheless, generating the four-chamber view of the 
fetal heart cannot be blinded. In the unlikely event of an 
unexpected finding, the woman and her obstetric health-
care professional will be informed immediately. Depend-
ing on the seriousness of the finding and its implication 
on the fetal heart, the woman will be excluded from the 
cohort and replaced by another woman.

Abbreviations
ALAT: Enzyme aspartate-aminotransferase; ASAT: Enzyme alanine-aminotrans-
ferase; CRH: Corticotropin Releasing Hormone; CTG : Cardiotocography; 
CTI: Cardiac Time Intervals; DIC: Disseminated Intravascular Coagulation; 
DICOM: Digital Imaging and Communications in Medicine; DU: Doppler 
Ultrasound; EHG: Electrohysterography; FGR: Fetal Growth Restriction; fHRV: 
fetal Heart Rate Variability; FIGO: Fédération Internationale de Gynécolo-
gie et d’Obstétrique; GA: Gestational Age; HDP: Hypertensive Disorders of 
Pregnancy; HELLP: Haemolysis, Elevated Liver enzymes, Low Platelets; HF: High 
Frequency; LDH: Lacto-Dehydrogenase; LF: Low Frequency; NFMS: Nemo 
Fetal Monitoring System; NI-fECG: Non-Invasive fetal Electrocardiography; 
PRD: Pregnancy-Related Diseases; ROC: Receiving Operating Characteristic; 
SE: Standard Error; SD: Standard Deviation; TOCO: External Tocodynamometry; 
2D-STE: Two-Dimensional Speckle-Tracking Echocardiography; 11β-HSD: 11 
Beta Hydroxysteroid Dehydrogenase.

Acknowledgements
Not applicable.

Authors’ contributions
SO and MV are both principal investigator and were involved in the overall 
conceptual design and overall revision of the manuscript. TN is the coordinat-
ing investigator and was involved in the overall conceptual design of the 
study, drafting, organization and overall revision of the manuscript. MF, DW, 
NO, JL, CV and BW were involved in the conceptual design of the study and 
revision of the manuscript. All authors have read and approved the final 
manuscript.

Funding
The authors disclosed receipt of the following financial support for the 
research, authorship, and/or publication of this article: This work was sup-
ported by foundation de Weijerhorst and was also funded by Máxima MC 
Research and Innovation. The sponsors were not involved in the study design 
and will not be involved in data collection, analysis, writing of the report or 
submission of an article for publication.

Availability of data and materials
Data sharing is not applicable to this article as no datasets were generated or 
analysed during the current study.

Declarations

Ethics approval and consent to participate
This study protocol and execution of the study will be fully compliant to the 
most recently updated version of the Declaration of Helsinki. The researchers 
will protect confidential data conform the rules and regulations stated in the 



Page 10 of 11Nichting et al. BMC Pregnancy and Childbirth          (2021) 21:791 

Dutch General Data Protection Regulation. The method for data storage and 
handling is approved by the data security officer of Máxima MC. The Medical 
Ethics Committee of Máxima MC extensively reviewed the study protocol 
and concluded that the study is in line with the Medical Research Involving 
Human Subjects Act. Therefore, ethical approval was granted (W20.076 / 
NL73607.015.20). Máxima MC Board of Management also approved the con-
duct of this study at their hospital. Written informed consent will be obtained 
from all subjects involved in the study.

Consent for publication
Not applicable.

Competing interests
SO initiated the scientific research from which Nemo Healthcare and the 
described NFMS device have originated. There are no financial relationships 
between Nemo Healthcare and any of the authors.

Author details
1 Department of Gynaecology and Obstetrics, Máxima MC, P.O. Box 7777, 
5500 MB Veldhoven, The Netherlands. 2 Department of Electrical Engineer-
ing, Eindhoven University of Technology, P.O. Box 513, 5600 MB Eindhoven, 
The Netherlands. 3 Eindhoven MedTech Innovation Centre, P.O. Box 513, 5600 
MB Eindhoven, The Netherlands. 4 Department of Gynaecology and Obstetrics, 
University Hospital Gent, 9000 Gent, Belgium. 

Received: 29 July 2021   Accepted: 10 November 2021

References
 1. Brown MA, Magee LA, Kenny LC, et al. Hypertensive disorders of preg-

nancy ISSHP classification, diagnosis, and management recommenda-
tions for international practice. Hypertension. 2018;72(1):24–43. https:// 
doi. org/ 10. 1161/ HYPER TENSI ONAHA. 117. 10803.

 2. WHO. Preterm birth. Geneva: World Health Organization; 2018. https:// 
www. who. int/ news- room/ fact- sheets/ detail/ prete rm- birth. Accessed 16 
Jun 2020

 3. Uzan J, Carbonnel M, Piconne O, Asmar R, Ayoubi J. Pre-eclampsia: 
pathophysiology, diagnosis, and management. Vasc Health Risk Manag. 
2011;7:467–74. https:// doi. org/ 10. 2147/ VHRM. S20181.

 4. Verburg BO, Jaddoe VWV, Wladimiroff JW, Hofman A, Witteman JCM, 
Steegers EAP. Fetal hemodynamic adaptive changes related to intrau-
terine growth the generation R study. Circulation. 2008;117(5):649–59. 
https:// doi. org/ 10. 1161/ CIRCU LATIO NAHA. 107. 709717.

 5. Baltabaeva A, Marciniak M, Bijnens B, et al. Regional left ventricular 
deformation and geometry analysis provides insights in myocardial 
remodelling in mild to moderate hypertension. Eur J Echocardiogr. 
2008;9(4):501–8. https:// doi. org/ 10. 1016/j. euje. 2007. 08. 004.

 6. Rodríguez-López M, Cruz-Lemini M, Valenzuela-Alcaraz B, et al. Descrip-
tive analysis of different phenotypes of cardiac remodeling in fetal 
growth restriction. Ultrasound Obstet Gynecol. 2017;50(2):207–14. 
https:// doi. org/ 10. 1002/ uog. 17365.

 7. Edwards CR, Benediktsson R, Lindsay RSSJ. 11 beta-Hydroxysteroid dehy-
drogenases: key enzymes in determining tissue-specific glucocorticoid 
effects. Steroids. 1996;61(4):263–9. https:// doi. org/ 10. 1016/ 0039- 128x(96) 
00033-5.

 8. Murphy VE, Clifton VL. Alterations in human placental 11beta-hydrox-
ysteroid dehydrogenase type 1 and 2 with gestational age and labour. 
Placenta. 2003;24(7):739–44. https:// doi. org/ 10. 1016/ s0143- 4004(03) 
00103-6.

 9. Causevic M, Mohaupt M. 11beta-Hydroxysteroid dehydrogenase type 
2 in pregnancy and preeclampsia. Mol Aspects Med. 2007;28(2):220–6. 
https:// doi. org/ 10. 1016/j. mam. 2007. 04. 003.

 10. Dy J, Guan H, Sampath-Kumar R, Richardson BS, Yang K. Placental 
11β-hydroxysteroid dehydrogenase type 2 is reduced in pregnancies 
complicated with idiopathic intrauterine growth restriction: evidence 
that this is associated with an attenuated ratio of cortisone to cortisol 
in the umbilical artery. Placenta. 2008;29(2):193–200. https:// doi. org/ 10. 
1016/j. place nta. 2007. 10. 010.

 11. Mischi M, Chen C, Ignatenko T, et al. Dedicated entropy measures for 
early assessment of pregnancy progression from single-channel electro-
hysterography. IEEE Trans Biomed Eng. 2018;65(4):875–84. https:// doi. org/ 
10. 1109/ TBME. 2017. 27239 33.

 12. Rabotti C, Mischi M, van Laar J, Oei G, Bergmans J. Electrohysterographic 
analysis of uterine contraction propagation with labor progression: a 
preliminary study. Annu Int Conf IEEE Eng Med Biol Soc. 2007:4135–8. 
https:// doi. org/ 10. 1109/ IEMBS. 2007. 43532 46.

 13. Kota S, Gayatri K, Jammula S, et al. Endocrinology of parturition. Indian J 
Endocrinol Metab. 2013;17(1):50–9. https:// doi. org/ 10. 4103/ 2230- 8210. 
107841.

 14. Zoumakis E, Makrigiannakis A, Margioris AN, Stournaras C, Gravanis 
A. Endometrial corticotropin-releasing hormone. Ann N Y Acad Sci. 
1997;26(828):84–94. https:// doi. org/ 10. 1111/j. 1749- 6632. 1997. tb485 25.x.

 15. Grammatopoulos D, Hillhous E. Role of corticotropin-releasing hormone 
in onset of labour. Lancet. 1999;354(9189):1546–9. https:// doi. org/ 10. 
1016/ S0140- 6736(99) 03418-2.

 16. Germanakis I, Gardiner H. Assessment of fetal myocardial deformation 
using speckle tracking techniques. Fetal Diagn Ther. 2012;32(1-2):39–46. 
https:// doi. org/ 10. 1159/ 00033 0378.

 17. DeVore GR, Polanco B, Satou G, Sklansky M. Two-dimensional speckle 
tracking of the fetal heart: a practical step-by-step approach for the fetal 
sonologist. J Ultrasound Med. 2016;35(8):1765–81. https:// doi. org/ 10. 
7863/ ultra. 15. 08060.

 18. van Oostrum NHM, van der Woude DAA, Clur SAB, Oei SG, van Laar 
JOEH. Right ventricular dysfunction identified by abnormal strain values 
precedes evident growth restriction in small for gestational age fetuses. 
Prenat Diagn. 2020;40(12):1525–31. https:// doi. org/ 10. 1002/ pd. 5805.

 19. Moors S, van Oostrum NHM, Rabotti C, et al. Speckle tracking echocar-
diography in hypertensive pregnancy disorders: a systematic review. 
Onstetrical Gynaecol Surv. 2020;75(8):497–509. https:// doi. org/ 10. 1097/ 
01. pec. 00005 26609. 89886. 37.

 20. van Oostrum NHM, Derks K, van der Woude DAA, Clur SA, Oei SG, van 
Laar JOEH. Two-dimensional speckle tracking echocardiography in fetal 
growth restriction: a systematic review. Eur J Obstet Gynecol Reprod Biol. 
2020;254:87–94. https:// doi. org/ 10. 1016/j. ejogrb. 2020. 08. 052.

 21. Peters CHL, van Laar JOEH, Vullings R, Oei SG, Wijn PFF. Beat-to-beat heart 
rate detection in multi-lead abdominal fetal ECG recordings. Med Eng 
Phys. 2012;34(3):333–8. https:// doi. org/ 10. 1016/j. meden gphy. 2011. 07. 
025.

 22. Talge NM, Mudd LM, Sikorskii A, Basso O. United States birth weight 
reference corrected for implausible gestational age estimates. Pediatrics. 
2014;133(5):844–53. https:// doi. org/ 10. 1542/ peds. 2013- 3285.

 23. Quinn JA, Munoz FM, Gonik B, et al. Preterm birth: case definition & 
guidelines for data collection, analysis, and presentation of immunisation 
safety data. Vaccine. 2016;34(49):6047–56. https:// doi. org/ 10. 1016/j. vacci 
ne. 2016. 03. 045.

 24. Van Oostrum NHM, Oei SG, Van Laar JOEH. Normal fetal cardiac 
deformation values in pregnancy; a prospective cohort study protocol. 
BMC Pregnancy Childbirth. 2019;19(1):524. https:// doi. org/ 10. 1186/ 
s12884- 019- 2662-3.

 25. van Oostrum NHM, de Vet CM, van der Woude DAA, Kemps HMC, Oei SG, 
van Laar JOEH. Fetal strain and strain rate during pregnancy measured 
with speckle tracking echocardiography: a systematic review. Eur J 
Obstet Gynecol Reprod Biol. 2020;250:178–87. https:// doi. org/ 10. 1016/j. 
ejogrb. 2020. 04. 002.

 26. Voigt JU, Pedrizzetti G, Lysyansky P, et al. Definitions for a common stand-
ard for 2D speckle tracking echocardiography: consensus document of 
the EACVI/ASE/Industry Task Force to standardize deformation imaging. 
Eur Heart J Cardiovasc Imaging. 2015;16(1):1–11. https:// doi. org/ 10. 1093/ 
ehjci/ jeu184.

 27. Semmler J, Day TG, Georgiopoulos G, et al. Fetal speckle-tracking: impact 
of angle of insonation and frame rate on global longitudinal strain. J Am 
Soc Echocardiogr. 2020;33(9):1141–1146.e2. https:// doi. org/ 10. 1016/j. 
echo. 2020. 03. 013.

 28. Rooijakkers MJ, Song S, Rabotti C, et al. Influence of electrode placement 
on signal quality for ambulatory pregnancy monitoring. Comput Math 
Methods Med. 2014;2014:960–80. https:// doi. org/ 10. 1155/ 2014/ 960980.

 29. Sassi R, Cerutti S, Lombardi F, et al. Advances in heart rate variability 
signal analysis: Joint position statement by the e-Cardiology ESC Working 
Group and the European Heart Rhythm Association co-endorsed by the 

https://doi.org/10.1161/HYPERTENSIONAHA.117.10803
https://doi.org/10.1161/HYPERTENSIONAHA.117.10803
https://www.who.int/news-room/fact-sheets/detail/preterm-birth
https://www.who.int/news-room/fact-sheets/detail/preterm-birth
https://doi.org/10.2147/VHRM.S20181
https://doi.org/10.1161/CIRCULATIONAHA.107.709717
https://doi.org/10.1016/j.euje.2007.08.004
https://doi.org/10.1002/uog.17365
https://doi.org/10.1016/0039-128x(96)00033-5
https://doi.org/10.1016/0039-128x(96)00033-5
https://doi.org/10.1016/s0143-4004(03)00103-6
https://doi.org/10.1016/s0143-4004(03)00103-6
https://doi.org/10.1016/j.mam.2007.04.003
https://doi.org/10.1016/j.placenta.2007.10.010
https://doi.org/10.1016/j.placenta.2007.10.010
https://doi.org/10.1109/TBME.2017.2723933
https://doi.org/10.1109/TBME.2017.2723933
https://doi.org/10.1109/IEMBS.2007.4353246
https://doi.org/10.4103/2230-8210.107841
https://doi.org/10.4103/2230-8210.107841
https://doi.org/10.1111/j.1749-6632.1997.tb48525.x
https://doi.org/10.1016/S0140-6736(99)03418-2
https://doi.org/10.1016/S0140-6736(99)03418-2
https://doi.org/10.1159/000330378
https://doi.org/10.7863/ultra.15.08060
https://doi.org/10.7863/ultra.15.08060
https://doi.org/10.1002/pd.5805
https://doi.org/10.1097/01.pec.0000526609.89886.37
https://doi.org/10.1097/01.pec.0000526609.89886.37
https://doi.org/10.1016/j.ejogrb.2020.08.052
https://doi.org/10.1016/j.medengphy.2011.07.025
https://doi.org/10.1016/j.medengphy.2011.07.025
https://doi.org/10.1542/peds.2013-3285
https://doi.org/10.1016/j.vaccine.2016.03.045
https://doi.org/10.1016/j.vaccine.2016.03.045
https://doi.org/10.1186/s12884-019-2662-3
https://doi.org/10.1186/s12884-019-2662-3
https://doi.org/10.1016/j.ejogrb.2020.04.002
https://doi.org/10.1016/j.ejogrb.2020.04.002
https://doi.org/10.1093/ehjci/jeu184
https://doi.org/10.1093/ehjci/jeu184
https://doi.org/10.1016/j.echo.2020.03.013
https://doi.org/10.1016/j.echo.2020.03.013
https://doi.org/10.1155/2014/960980


Page 11 of 11Nichting et al. BMC Pregnancy and Childbirth          (2021) 21:791  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

Asia Pacific Heart Rhythm Society. Europace. 2015;17(9):1341–53. https:// 
doi. org/ 10. 1093/ europ ace/ euv015.

 30. Task Force of the European Society of Cardiology and the North 
Americam Society of Pacing and Electrophysiology. Heart rate variability; 
standards of measurement, physiological interpretation and clinical use. 
Circulation. 1996;93(5):1043–65.

 31. Van Laar JOEH, Porath MM, Peters CHL, Oei SG. Spectral analysis of fetal 
heart rate variability for fetal surveillance: review of the literature. Acta 
Obstet Gynecol Scand. 2008;87(3):300–6. https:// doi. org/ 10. 1080/ 00016 
34080 18989 50.

 32. Vullings R. Non-invasive fetal electrocardiogram : analysis and interpreta-
tion; 2010. https:// doi. org/ 10. 6100/ IR692 881.

 33. Stinstra J, Golbach E, Van Leeuwen P, et al. Multicentre study of fetal 
cardiac time intervals using magnetocardiography. BJOG Int J Obstet 
Gynaecol. 2002;109(11):1235–43. https:// doi. org/ 10. 1046/j. 1471- 0528. 
2002. 01057.x.

 34. Ayres-De-Campos D, Spong CY, Chandraharan E. FIGO consensus guide-
lines on intrapartum fetal monitoring: Cardiotocography. Int J Gynecol 
Obstet. 2015;131(1):13–24. https:// doi. org/ 10. 1016/j. ijgo. 2016. 02. 005.

 35. Altman DG. In: Chatfield C, Zidek J, editors. Practical statistics for medical 
research. 1st ed. London: Taylor & Francis Ltd; 2018.

 36. Shah S, Gupta A. Hypertensive disorders of pregnancy. Cardiol Clin. 
2019;37(3):345–54. https:// doi. org/ 10. 1016/j. ccl. 2019. 04. 008.

 37. Martins JG, Biggio JR, Abuhamad A. Society for maternal-fetal medicine 
consult series #52: diagnosis and management of fetal growth restriction: 
(Replaces Clinical Guideline Number 3, April 2012). Am J Obstet Gynecol. 
2020;223(4):B2–B17. https:// doi. org/ 10. 1016/j. ajog. 2020. 05. 010.

 38. Miles J, Shevlin M. Applying regression and correlation; a guide for stu-
dents and researchers. London: Sage Publications Inc; 2000.

 39. Gordijn SJ, Beune IM, Thilaganathan B, et al. Consensus definition of 
fetal growth restriction: a Delphi procedure. Ultrasound Obstet Gynecol. 
2016;48(3):333–9. https:// doi. org/ 10. 1002/ uog. 15884.

 40. Grantz KL, Hediger ML, Liu D, Buck Louis GM. Fetal growth standards: the 
NICHD fetal growth study approach in context with INTERGROWTH-21st 
and the World Health Organization Multicentre Growth Reference Study. 
Am J Obstet Gynecol. 2018;218(2S):S641–S655.e28. https:// doi. org/ 10. 
1016/j. ajog. 2017. 11. 593.

 41. Pérez-Cruz M, Cruz-Lemini M, Fernández MT, et al. Fetal cardiac function 
in late-onset intrauterine growth restriction vs small-for-gestational age, 
as defined by estimated fetal weight, cerebroplacental ratio and uterine 
artery Doppler. Ultrasound Obstet Gynecol. 2015;46(4):465–71. https:// 
doi. org/ 10. 1002/ uog. 14930.

 42. Figueras F, Gratacós E. Update on the diagnosis and classification of fetal 
growth restriction and proposal of a stage-based management protocol. 
Fetal Diagn Ther. 2014;36(2):86–98. https:// doi. org/ 10. 1159/ 00035 7592.

 43. Warrander LK, Ingram E, Heazell AEP, Johnstone ED. Evaluating the 
accuracy and precision of sonographic fetal weight estimation models 
in extremely early-onset fetal growth restriction. Acta Obstet Gynecol 
Scand. 2020;99(3):364–73. https:// doi. org/ 10. 1111/ aogs. 13745.

 44. NVOG. NVOG-Richtlijn Foetale Groeirestrictie (FGR). Utrecht: NVOG; 2017. 
https:// www. nvog. nl/ wp- conte nt/ uploa ds/ 2017/ 12/ Foeta te- groei restr 
icie- FGR- 15- 09- 2017. pdf

 45. Shah AM, Solomon SD. Myocardial deformation imaging: current status 
and future directions. Circulation. 2012;125(2):e244–8. https:// doi. org/ 10. 
1161/ CIRCU LATIO NAHA. 111. 086348.

 46. Vullings R, van Laar JOEH. Non-invasive fetal electrocardiography for 
intrapartum cardiotocography. Front Pediatr. 2020;8. https:// doi. org/ 10. 
3389/ fped. 2020. 599049.

 47. Cohen WR, Hayes-Gill B. Influence of maternal body mass index on accu-
racy and reliability of external fetal monitoring techniques. Acta Obstet 
Gynecol Scand. 2014;93(6):590–5. https:// doi. org/ 10. 1111/ aogs. 12387.

 48. Vlemminx MWC, Thijssen KMJ, Bajlekov GI, Dieleman JP, Van Der Hout-Van 
Der Jagt MB, Oei SG. Electrohysterography for uterine monitoring during 
term labour compared to external tocodynamometry and intra-uterine 
pressure catheter. Eur J Obstet Gynecol Reprod Biol. 2017;215:197-205. 
doi:https:// doi. org/ 10. 1016/j. ejogrb. 2017. 05. 027

 49. Cohen WR, Ommani S, Hassan S, et al. Accuracy and reliability of fetal 
heart rate monitoring using maternal abdominal surface electrodes. Acta 
Obstet Gynecol Scand. 2012;91(11):1306–13. https:// doi. org/ 10. 1111/j. 
1600- 0412. 2012. 01533.x.

 50. Warmerdam GJJ, Vullings R, Van Laar JOEH, et al. Detection rate of fetal 
distress using contraction-dependent fetal heart rate variability analysis. 
Physiol Meas. 2018;39(2):025008. https:// doi. org/ 10. 1088/ 1361- 6579/ 
aaa925.

 51. Groome LJ, Mooney DM, Bentz LSSK. Spectral analysis of heart rate vari-
ability during quiet sleep in normal human fetuses between 36 and 40 
weeks of gestation. Early Hum Dev. 1994;38(1):1–9. https:// doi. org/ 10. 
1016/ 0378- 3782(94) 90045-0.

 52. Brändle J, Preissl H, Draganova R, et al. Heart rate variability parameters 
and fetal movement complement fetal behavioral states detection via 
magnetography to monitor neurovegetative development. Front Hum 
Neurosci. 2015;9(147):1–8. https:// doi. org/ 10. 3389/ fnhum. 2015. 00147.

 53. Nijhuis JG, Prechtl HF, Martin CB Jr, BR. Are there behavioural states in the 
human fetus? Early Hum Dev. 1982;6(2):177–95. https:// doi. org/ 10. 1016/ 
0378- 3782(82) 90106-2.

 54. John P, Campbell K, Carmichael L, Natale R, Richardson B. Patterns of 
human fetal breathing during the last 10 weeks of pregnancy. Obstet 
Gynecol. 1980;56(1):24–30.

 55. Pillai M, James D. The development of fetal heart rate patterns during 
normal pregnancy. Obstet Gynecol. 1990;75(5 Pt 1):812–6. https:// doi. 
org/ 10. 1097/ 00006 250- 19901 1000- 00017.

 56. Lucovnik M, Maner WL, Chambliss LR, et al. Noninvasive uterine elec-
tromyography for prediction of preterm delivery. Am J Obstet Gynecol. 
2011;204(3):228.e1–10. https:// doi. org/ 10. 1016/j. ajog. 2010. 09. 024. Nonin 
vasive.

 57. Garcia-Casado J, Ye-Lin Y, Prats-Boluda G, Mas-Cabo J, Alberola-Rubio 
J, Perales A. Electrohysterography in the diagnosis of preterm birth: a 
review. Physiol Meas. 2018;39(2):02TR01. https:// doi. org/ 10. 1088/ 1361- 
6579/ aaad56.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1093/europace/euv015
https://doi.org/10.1093/europace/euv015
https://doi.org/10.1080/00016340801898950
https://doi.org/10.1080/00016340801898950
https://doi.org/10.6100/IR692881
https://doi.org/10.1046/j.1471-0528.2002.01057.x
https://doi.org/10.1046/j.1471-0528.2002.01057.x
https://doi.org/10.1016/j.ijgo.2016.02.005
https://doi.org/10.1016/j.ccl.2019.04.008
https://doi.org/10.1016/j.ajog.2020.05.010
https://doi.org/10.1002/uog.15884
https://doi.org/10.1016/j.ajog.2017.11.593
https://doi.org/10.1016/j.ajog.2017.11.593
https://doi.org/10.1002/uog.14930
https://doi.org/10.1002/uog.14930
https://doi.org/10.1159/000357592
https://doi.org/10.1111/aogs.13745
https://www.nvog.nl/wp-content/uploads/2017/12/Foetate-groeirestricie-FGR-15-09-2017.pdf
https://www.nvog.nl/wp-content/uploads/2017/12/Foetate-groeirestricie-FGR-15-09-2017.pdf
https://doi.org/10.1161/CIRCULATIONAHA.111.086348
https://doi.org/10.1161/CIRCULATIONAHA.111.086348
https://doi.org/10.3389/fped.2020.599049
https://doi.org/10.3389/fped.2020.599049
https://doi.org/10.1111/aogs.12387
https://doi.org/10.1016/j.ejogrb.2017.05.027
https://doi.org/10.1111/j.1600-0412.2012.01533.x
https://doi.org/10.1111/j.1600-0412.2012.01533.x
https://doi.org/10.1088/1361-6579/aaa925
https://doi.org/10.1088/1361-6579/aaa925
https://doi.org/10.1016/0378-3782(94)90045-0
https://doi.org/10.1016/0378-3782(94)90045-0
https://doi.org/10.3389/fnhum.2015.00147
https://doi.org/10.1016/0378-3782(82)90106-2
https://doi.org/10.1016/0378-3782(82)90106-2
https://doi.org/10.1097/00006250-199011000-00017
https://doi.org/10.1097/00006250-199011000-00017
https://doi.org/10.1016/j.ajog.2010.09.024.Noninvasive
https://doi.org/10.1016/j.ajog.2010.09.024.Noninvasive
https://doi.org/10.1088/1361-6579/aaad56
https://doi.org/10.1088/1361-6579/aaad56

	Non-invasive fetal electrocardiography, electrohysterography and speckle-tracking echocardiography in the second trimester: study protocol of a longitudinal prospective cohort study (BEATS-study)
	Abstract 
	Background: 
	Methods: 
	Discussion: 
	Trial registration: 

	Background
	Methods
	Study objectives
	Setting
	Population
	Study design
	2D-STE parameters
	NI-fECG and EHG parameters
	Sample size
	Statistical analysis
	Interim analysis

	Discussion
	Study limitations
	Ethics and risk assessment

	Acknowledgements
	References


