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Abstract 

Objectives  Assessment of myocardial strain by feature tracking magnetic resonance imaging (FT-MRI) in human 
fetuses with and without congenital heart disease (CHD) using cardiac Doppler ultrasound (DUS) gating.

Methods  A total of 43 human fetuses (gestational age 28–41 weeks) underwent dynamic cardiac MRI at 3 T. Cine 
balanced steady-state free-precession imaging was performed using fetal cardiac DUS gating. FT-MRI was analyzed 
using dedicated post-processing software. Endo- and epicardial contours were manually delineated from fetal cardiac 
4-chamber views, followed by automated propagation to calculate global longitudinal strain (GLS) of the left (LV) 
and right ventricle (RV), LV radial strain, and LV strain rate.

Results  Strain assessment was successful in 38/43 fetuses (88%); 23 of them had postnatally confirmed diagnosis 
of CHD (e.g., coarctation, transposition of great arteries) and 15 were heart healthy. Five fetuses were excluded due 
to reduced image quality. In fetuses with CHD compared to healthy controls, median LV GLS (− 13.2% vs. − 18.9%; 
p < 0.007), RV GLS (− 7.9% vs. − 16.2%; p < 0.006), and LV strain rate (1.4 s−1 vs. 1.6 s−1; p < 0.003) were significantly higher 
(i.e., less negative). LV radial strain was without a statistically significant difference (20.7% vs. 22.6%; p = 0.1). Bivari-
ate discriminant analysis for LV GLS and RV GLS revealed a sensitivity of 67% and specificity of 93% to differentiate 
between fetuses with CHD and healthy fetuses.

Conclusion  Myocardial strain was successfully assessed in the human fetus, performing dynamic fetal cardiac 
MRI with DUS gating. Our study indicates that strain parameters may allow for differentiation between fetuses 
with and without CHD.

Clinical relevance statement  Myocardial strain analysis by cardiac MRI with Doppler ultrasound gating and feature 
tracking may provide a new diagnostic approach for evaluation of fetal cardiac function in congenital heart disease.

Key Points 

• MRI myocardial strain analysis has not been performed in human fetuses so far.

• Myocardial strain was assessed in human fetuses using cardiac MRI with Doppler ultrasound gating.

• MRI myocardial strain may provide a new diagnostic approach to evaluate fetal cardiac function.
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Introduction
Myocardial strain is a sensitive prognostic marker of 
systolic dysfunction in children and adults [1–3]. In the 
fetus, however, strain analysis using magnetic resonance 
imaging (MRI) was not possible due to technical limita-
tions. Only recently, dynamic fetal cardiovascular MRI 
using an external MR-compatible Doppler ultrasound 
(DUS) device for fetal cardiac gating has been success-
fully applied. The DUS device allowed anatomical and 
functional imaging of the fetal cardiovascular system 
with high spatio-temporal resolution [4, 5]. Therefore, we 
aimed to perform dynamic fetal cardiac MRI using DUS 
gating for assessment of myocardial strain analysis using 
feature tracking (FT-) MRI.

Application of fetal cardiovascular MRI was formerly 
limited by the lack of a cardiac gating signal, which is 
necessary to allow for dynamic imaging with sufficient 
spatio-temporal resolution. The development of an exter-
nal MR-compatible DUS sensor for the detection of the 
fetal heartbeat and the generation of a cardiac gating 
signal provides a promising solution [6]. Since its intro-
duction few years ago, DUS gating realized innovative 
applications of cardiovascular MRI in the human fetus, 
i.e., anatomical and functional analysis [7–10].

FT-MRI is a widespread method for the assessment of 
myocardial strain and enables analysis of systolic con-
traction patterns using standard cine MR images [1]. 
Global longitudinal strain (GLS) allows early detection 
of myocardial impairment even at subclinical levels, and 
is predictive for cardiac adverse events in several car-
diac diseases [2, 11]. Strain analysis using FT-MRI in the 
human fetus could add to a better understanding of car-
diac pathophysiology in fetuses with suspected congeni-
tal heart disease (CHD) and therefore provide clinically 
relevant information.

The aim of this study was to assess myocardial strain by 
FT-MRI in human fetuses with and without CHD using 
cardiac DUS gating.

Material and methods
Study population
The local ethics committee approved this fetal cardio-
vascular MRI study design. Both fetuses with and with-
out echocardiographic suspicion of CHD were included 
in the study and all fetal cardiovascular MR exams were 
performed as part of the study. All pregnant women gave 
written informed consent to participate in the study. 

Inclusion criteria were willingness of pregnant women to 
participate in the study and to undergo fetal cardiac MRI, 
independent of suspected diagnosis of prenatal ultra-
sound screening. Exclusion criteria were missing consent 
to participate in the study or general contraindications 
for MRI (e.g., claustrophobia).

We identified 43 fetal cardiac MRI records (between 
December 2020 and November 2022) with acquired 
4-chamber views. Fetal median gestational age was 
34.4  weeks (range 28–41  weeks) and median maternal 
age was 33.7 years (range 24–41 years).

Fetal cardiac MRI
MRI was performed on a 3-T MR scanner (Ingenia 
Elition, Philips Medical Systems) using a 32-channel 
phased array torso coil placed on the maternal abdo-
men. Depending on personal preference, pregnant 
women were placed in supine or lateral position. For 
fetal cardiac gating, a MR-compatible DUS sensor 
(smart-sync, Northh Medical GmbH) was positioned 
on the pregnant woman’s abdomen and fixed with an 
elastic band. The detected DUS signal of the fetal heart 
serves as the gating signal that is transferred to the 
physiological MR [4].

After a survey scan, the orientation of the fetal heart 
was depicted by a series of three orthogonal planes of a 
T2-weighted turbo spin echo sequence (FOV 350 × 300 
mm2, matrix 292 × 216, 15 slices, slice thickness 4  mm, 
slice gap 0.4 mm, TR 2450 ms, TE 80 ms, flip angle 120°, 
echo train length 105, SENSE factor 2), each within 36 s 
acquisition time.

Functional cardiac cine imaging using DUS gating was 
performed in maternal breath hold technique acquiring 
a two-dimensional k-space segmented multi-shot bal-
anced steady-state free-precession (bSSFP) sequence in 
4-chamber view orientation (FOV 246 × 246 mm2, matrix 
size 164 × 164, 12 slices with thickness 5 mm and gap − 1 
mm, TR 3.9 ms, TE 1.96 ms, flip angle 60°, 12 shots with 
echo train length of 20, and shot duration of 78.6 ms). 
Similar to adult cardiac MRI, fetal 4-chamber views 
were planned from acquired pseudo-axis views. Scan 
time per breath hold was 14 s for cine-bSSFP 4-cham-
ber views. Reconstructed voxel size of cine images was 
0.96 × 0.96 × 5 mm3.

Average fetal heart rate in our cohort was 136  bpm, 
with an average RR interval length of 440  ms. With an 
average of 22 reconstructed phases per cardiac cycle, the 
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temporal resolution of the applied cine-bSSFP sequence 
was 21.6  ms, corresponding to a frame rate of 46 per 
second.

Strain analysis
Myocardial strain was determined on the acquired 4-cham-
ber cine images of the fetal heart using a dedicated feature 
tracking software (Segment, Version 2.1.R.6108, Medviso). 
The software determines myocardial strain by computing 
interframe deformation fields by an endocardial tracking 
strategy based on non-rigid image registration [12]. The 
entire image content (i.e., blood pool, entire myocardium) 
is used during the optimization process instead of track-
ing only the myocardial boundaries [12]. For this study, the 
software algorithm was optimized for fetal specifications 
by the vendor. Global longitudinal strain (GLS) from both 
the left (LV) and right ventricle (RV), LV strain rate, and LV 
radial strain were calculated.

The endocardial contour of the RV and the tricuspid 
valve plane was manually delineated. The LV myocar-
dium was acquired by delineation of the endocardial and 
epicardial contour. This manual delineation of endo- and 
epicardial contours on end-diastolic images was fol-
lowed by an automatic propagation throughout the car-
diac cycle, generating myocardial strain and strain rate 
curves [12]. In the case of suboptimal automatic tracking, 

endo- and epicardial contours were manually adjusted 
and re-propagated. Contouring was performed in con-
sensus by two operators with 4 years (M.D.) and 14 years 
(B.S.) of expertise in cardiac MRI, respectively (Fig. 1).

Statistical analysis
All results are described as median value and 95% range. 
Differences between fetuses with CHD and healthy con-
trol fetuses were assessed by the Mann–Whitney U-test. 
Correlations of parameters were assessed by Spearman 
rank correlation coefficients (rS). Uni- and bivariate dis-
criminant analysis of strain parameters was applied to 
separate healthy controls from CHD fetuses using a pri-
ori equal group size, which adjusts different CHD (n = 23) 
and control numbers (n = 15) to the same statistical level 
(STATISTICA v. 6.1, Stat-Soft Inc.). p-values < 0.05 were 
considered statistically significant.

Results
Cine 4-chamber views were successfully acquired in 38 of 
the 43 fetuses (88.4%) and included for further analyses. 
Five cases (11.6%) were excluded due to fetal movements 
that resulted in insufficient cardiac gating and poor 
image quality. In these cases, the feature tracking soft-
ware was unable to track the contours of the ventricles 
over the cardiac cycle.

Fig. 1  Assessment of strain parameters from fetal cardiac MRI cine 4-chamber views. Upper row: Contouring of endo- and epicardial boundaries 
of the left ventricle (LV, red) and the right ventricle (RV,  colored line) with inclusion of the tricuspid valve plane in fetal cardiac MRI end-diastolic 
4-chamber view of a healthy fetus (gestational age, 36+6 weeks). The software automatically propagates defined contours to calculate LV and RV 
strain parameters: LV GLS − 20.5%, RV GLS − 17.1%, radial strain 34.9%, strain rate 1.70 s−1. Bottom row: Fetal cardiac MRI end-diastolic 4-chamber 
view with LV and RV contouring in a fetus with CHD (diagnosis: TGA, gestational age, 36+2 weeks). LV and RV GLS and strain rate were increased (i.e., 
less negative) while radial strain was normal: LV GLS − 9.4%, RV GLS − 6.5%, radial strain 27.2%, strain rate 0.84 s−1
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In 23/38 fetuses (60.5%), CHD was confirmed by post-
natal echocardiography. Diagnoses of CHD included the 
following: atrial and/or ventricular septal defects (n = 9), 
valvular anomaly (n = 6), aortic arch anomaly/coarcta-
tion (n = 5), transposition of the great arteries (n = 3), 
univentricular heart (n = 2), tetralogy of Fallot (n = 1), and 
Ebstein anomaly (n = 1). As combinations of anomalies 
were observed, their total number is higher than number 
of fetuses with CHD.

In two cases of a univentricular left ventricle, analy-
sis of the RV was not possible. The remaining 15 fetuses 
(39.5%) were healthy controls without cardiovascular 
abnormalities by postnatal echocardiography.

In healthy control fetuses, there was no correlation with 
gestational age for LV GLS, RV GLS, strain rate, or radial 
strain (all p > 0.12, gestational age range 28–41  weeks). 
Significant correlations were only observed between 
LV GLS and strain rate (rS = 0.75, p = 0.001) as well as 
radial strain (rS =  − 0.54; p = 0.038), but not with RV GLS 
(p = 0.2). In control fetuses, LV GLS was significantly 
lower when compared to RV GLS (p = 0.015).

Comparison of strain parameters in fetuses with CHD 
and healthy controls
Fetuses with CHD had a higher (i.e., less negative) 
median LV GLS (− 13.2% [range − 3 to − 26%] vs. − 18.9% 
[range − 13 to − 28%]) (p < 0.007) when compared with 
healthy control fetuses. Median RV GLS was also sig-
nificantly higher in fetuses with CHD when compared 
with controls (− 7.9% [range − 3 to − 21%] vs. − 16.2% 
[range − 13 to − 23%]) (p < 0.006) (Fig. 2; Table 1).

Median LV strain rate in fetuses with CHD was − 1.4 s−1 
(range 0.1 to 2.3 s−1) and significantly higher when com-
pared to controls with a strain rate of 1.6 s−1 (range 1.0 to 
2.4 s−1) (p < 0.003).

There was no significant difference of LV radial strain 
when comparing fetuses with CHD and controls with 
median values of 20.7% (range 3–39%) and 22.6% (range 
11–46%) (p = 0.1) (Table 1).

Discriminant analysis of strain parameters
Univariate discriminant analysis of LV GLS revealed 
a sensitivity of 61% and a specificity of 80% to dif-
ferentiate fetuses with CHD from controls (cut-off 
threshold at − 16.2%). For RV GLS, a sensitivity of 67% 

Fig. 2  Comparison of global longitudinal strain (GLS) of left (LV) and right ventricle (RV) in fetuses with congenital heart disease (CHD) and healthy 
controls (CTL). Data are presented as box-whisker plot (median, inter-quartile range, 95% range). Both LV GLS (p < 0.007) and RV GLS (p < 0.006) are 
significantly higher in fetuses with CHD than in CTL

Table 1  Demographic and systolic strain parameters for fetuses 
with congenital heart disease (CHD) and healthy control fetuses 
(CTL)a

a Data are presented as median within 95% range and significance levels p were 
tested by the Mann–Whitney U-test
b Number of fetuses with analysis of RV GLS was n = 21 as two fetuses had 
univentricular heart

Parameter CHD CTL p

n 23 15 na

Gestational age (weeks) 36.3 (33, 38) 35.0 (28, 41) 0.48

Maternal age (years) 31.7 (23, 41) 35.0 (26, 40) 0.12

LV GLS (%)  − 13.2 (− 26, − 3)  − 18.9 (− 28, − 13) 0.007

RV GLS (%)b  − 7.9 (− 21, − 3)  − 16.2 (− 23, − 13) 0.006

LV strain rate (s−1) 1.4 (2.1, 0.2) 1.6 (2.4, 1.0) 0.002

LV radial strain (%) 20.7 (3, 39) 22.6 (11, 46) 0.11
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and specificity of 80% were calculated to differentiate 
between fetuses with CHD and controls (cut-off thresh-
old at − 13.4%). However, applying bivariate discriminant 
analysis for LV GLS and RV GLS revealed a comparable 
sensitivity of 67% but a higher specificity of 93% and a 
cut-off line at LV GLS =  − 17.2 + (− 0.28) ⋅ RV GLS 
(Fig. 3).

Discussion
To the best of our knowledge, this is the first study suc-
cessfully applying dynamic fetal cardiac MRI by DUS 
gating for assessment of myocardial strain FT-MRI in 
human fetuses. This functional cardiac MRI study found 
significant differences in RV and LV strain parameters 
between fetuses with CHD and healthy controls, sug-
gesting that CHD is associated with prenatal cardiac 
dysfunction.

Determination of LV and RV GLS was successful in 
88% of fetuses in our study. In the remaining fetuses, arti-
facts in dynamic MR images due to gross fetal motion 
prevented sufficient myocardial contouring by the soft-
ware and, therefore, strain analysis was not feasible. This 
is similar to experiences with speckle tracking echocar-
diography (STE) where fetal movement with reduced 
image quality led to comparable success rates between 76 
and 98% [13, 14].

The subgroup of 15 control fetuses in our cohort 
revealed median LV GLS of − 18.9% and RV GLS 
of − 16.2% and a median LV strain rate of 1.6  s−1. So 

far, there are no other MRI studies available reporting 
myocardial strain values in fetuses. Our results can be 
compared to normal values reported for echocardi-
ography published by van Oostrum et  al on the basis 
of 124 healthy fetuses [15]. Referring to similar gesta-
tional age groups (28–41  weeks) and consistent with 
our results, mean LV GLS between − 21.1 and − 18.4%, 
RV GLS between − 18.8 and − 16.1%, and LV strain 
rates between 1.78 and 1.45  s−1 were observed by von 
Oostrum et al [15].

However, a recent meta-analysis reported that echo-
cardiography-derived fetal strain parameters vary widely 
[16]. For a similar gestational age group compared with 
our cohort, LV GLS between − 13.6 and − 24.7%, RV GLS 
between − 13.4 and − 23.2%, and LV strain rate between 
1.1 and 2.6  s−1 were observed [16]. Inconsistency is an 
inherent issue in myocardial strain analysis for both 
echocardiography and MRI [17]. In fetuses, the con-
siderable variation of echocardiographic strain results 
was attributed to different acquisition techniques and 
applied software [17]. In adults, the lack of standardiza-
tion results in a wide range of proposed normal limits for 
LV GLS (16–21%) and for RV GLS (19–24%) [1, 18–20]. 
Possible reasons for this wide range are influencing fac-
tors such as age, gender, and heart rate, but also the use 
of different MRI methods (e.g., myocardial tagging vs. 
FT-MRI) and software [21, 22].

In our study, FT-MRI strain analysis revealed signifi-
cantly increased (i.e., less negative values) LV GLS, RV 

Fig. 3  Right ventricular global longitudinal strain (RV GLS) is associated with left ventricular global strain (LV GLS). A linear bivariate discriminant 
function (solid line) separates healthy control fetuses (CTL: open circles) from fetuses with congenital heart disease (CHD: solid circles) 
with a sensitivity of 67% and a specificity of 93%. Univariate cut-off thresholds for RV GLS at − 13.4% (dashed horizontal line) and for LV GLS 
at − 16.2% (dashed vertical line) separate CHD and CTL fetuses with a sensitivity/specificity of 67%/80% and 61%/80%, respectively. Few fetuses 
with CHD behave like healthy controls (gray circles; asym = non-symptomatic)
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GLS, and LV strain rate in fetuses with CHD when com-
pared to control fetuses. Interestingly, LV GLS and RV 
GLS did not correlate, but their combination was more 
precise for the identification of fetuses with CHD (sen-
sitivity 67%, specificity 93%) than each parameter alone. 
This finding indicates the additive value of consider-
ing strain parameters of both, LV and RV, in the evalu-
ation of fetal cardiac function. Using echocardiography, 
recent studies suggested that myocardial strain reflects 
the changing physiology in fetuses with CHD [23–25], 
e.g., altered strain parameters were observed in fetuses 
with tetralogy of Fallot [26]. In fetuses with transposition 
of the great arteries, echocardiographic strain measures 
predicted urgent postnatal intervention [27]. Alsolai et al 
demonstrated the usefulness of increased LV GLS and 
LV strain rate for risk stratification of intrapartum fetal 
compromise [28]. CHD in our fetuses were heterogene-
ous, including severe CHD. However, our results indicate 
that FT-MRI reflects altered physiology in fetuses with 
CHD by increased LV GLS, RV GLS, and LV strain rate. 
Of note, LV radial strain did not differ between healthy 
fetuses and fetuses with CHD in our cohort and the avail-
able echocardiographic literature does not report on 
radial strain in the fetus.

In our healthy control fetuses, LV GLS was significantly 
lower (i.e., more negative values) compared to RV GLS. 
In agreement, decreased echocardiography-derived LV 
GLS during weeks 18–41 of gestation was reported in a 
cohort of 124 fetuses [15]. Instead, other echocardiog-
raphy studies reported decreased RV GLS, which was 
ascribed to different ventricular fiber orientation with 
predominant longitudinal fibers in the RV but multidi-
rectional fibers in the LV [14]. Employing an echocar-
diographic high frame rate model, it was concluded that 
previously observed interventricular differences of strain 
values in healthy fetal hearts may be related to low tem-
poral resolutions and may not reflect physiological differ-
ences [13]. High frame rates above 90 frames per second 
are recommended in echocardiography to avoid under-
estimation of time-dependent myocardial deformation 
[17]. The average temporal resolution of our cine-bSSFP 
sequence was 21.6  ms (fetal heart rate dependent), cor-
responding to a calculated frame rate of 46 per second, 
which may have influenced the calculated differences 
between the LV and RV GLS. The interventricular rela-
tion of strain values remains unclear, and further studies 
are needed to elucidate the relationship between LV GLS 
and RV GLS in the fetus. However, the proposed patho-
physiological and technical considerations may help to 
provide sufficient ventricular strain data.

In our cohort, LV GLS and RV GLS were not related 
to gestational age. There are conflicting results for the 

relationship of GLS and gestational age in echocardio-
graphic studies. Most echocardiographic studies also 
demonstrated stable GLS (especially LV GLS) during 
pregnancy [23, 29, 30]. Some authors observed increas-
ing values (less negative values) with advancing gesta-
tion [15], while others showed decrease in RV GLS but 
stable LV GLS with advancing gestation [14, 31, 32]. 
These variations are explained by incoherent study 
designs (e.g., cross-sectional instead of longitudinal) or 
technical inconsistencies (e.g., non-standardized analy-
sis software) [16]. From a physiological perspective, 
stable GLS during pregnancy could be assumed from 
the moment when a stable amount of cardiomyocytes 
is achieved in midterm pregnancy [32, 33]. As GLS is 
preload- and afterload-dependent, it is argued that 
changes during the third trimester can be expected due 
to changing fetal hemodynamics [13, 16, 34].

A limitation of our study is that, due to the retrospec-
tive design, we cannot provide direct comparison of 
strain parameters with echocardiography. An inherent 
technical limitation is the reduced temporal resolution 
of MRI in comparison to available echocardiographic 
studies, with potential underestimation of strain values. 
In addition, FT-MRI strain analysis was limited to fetal 
cardiac 4-chamber views.

In conclusion, myocardial strain was successfully 
assessed in the human fetus performing dynamic fetal 
cardiac MRI with DUS gating. Our study indicates that 
strain parameters may allow for differentiation between 
fetuses with and without CHD. Therefore, FT-MRI 
myocardial strain analysis using dynamic fetal cardiac 
MRI with DUS gating may provide a new diagnostic 
approach for the evaluation of fetal cardiac function in 
CHD. Future longitudinal studies with larger fetal pop-
ulations are warranted for the assessment of reference 
values and the evaluation of the clinical benefit of this 
promising approach.

Abbreviations
bSSFP	� Balanced steady-state free-precession
CHD	� Congenital heart disease
DUS	� Doppler ultrasound
FT	� Feature tracking
GLS	� Global longitudinal strain
LV	� Left ventricle
RV	� Right ventricle

Acknowledgements
We thank Dr. Shuo Zhang (Philips Healthcare) and Karolina Gottschalk (Med-
viso) for their technical support and expertise.

Funding
Open Access funding enabled and organized by Projekt DEAL. This study has 
received funding by the German Research Foundation (Deutsche Forschun-
gsgemeinschaft) (SCHO 1564/2–1 and BA 5893/6–1).



Page 7 of 8Dargahpour Barough et al. European Radiology 	

Declarations

Guarantor
The scientific guarantor of this publication is Bjoern P. Schoennagel.

Conflict of interest
The authors Manuela Tavares de Sousa and Bjoern Schoennagel declare rela-
tionships with the following companies: Northh Medical GmbH (co-founders 
and stake-holders).

Statistics and biometry
One of the authors (RF) has significant statistical expertise.

Informed consent
Written informed consent was obtained from all subjects (patients) in this 
study.

Ethical approval
This study was approved by the local ethics committee.

Study subjects or cohorts overlap
Twelve of 43 study subjects have been previously reported in a former study 
with a different topic (Knapp J et al, Eur. Rad. 2023; Fetal 4D flow MRI of the great 
thoracic vessels at 3 Tesla using Doppler-ultrasound gating: a feasibility study). This 
different study did not analyze myocardial strain.

Methodology

•retrospective
•experimental
•performed at one institution

Author details
1 Department of Diagnostic and Interventional Radiology and Nuclear 
Medicine, University Medical Center Hamburg-Eppendorf, Martinistrasse 52, 
20251 Hamburg, Germany. 2 Department of Obstetrics and Fetal Medicine, 
University Medical Center Hamburg-Eppendorf, Martinistrasse 52, 20251 Ham-
burg, Germany. 3 Department of Diagnostic and Interventional Radiology 
and Nuclear Medicine, Section of Pediatric Radiology, University Medical 
Center Hamburg-Eppendorf, Martinistrasse 52, 20251 Hamburg, Germany. 

Received: 29 August 2023   Revised: 10 November 2023   Accepted: 4 
December 2023

References
	1.	 Claus P, Omar AMS, Pedrizzetti G, Sengupta PP, Nagel E (2015) Tissue 

tracking technology for assessing cardiac mechanics: principles, normal 
values, and clinical applications. JACC Cardiovasc Imaging 8:1444–1460. 
https://​doi.​org/​10.​1016/j.​jcmg.​2015.​11.​001

	2.	 Buss SJ, Breuninger K, Lehrke S et al (2015) Assessment of myocardial 
deformation with cardiac magnetic resonance strain imaging improves 
risk stratification in patients with dilated cardiomyopathy. Eur Heart J 
Cardiovasc Imaging 16:307–315. https://​doi.​org/​10.​1093/​ehjci/​jeu181

	3.	 Xu J, Yang W, Zhao S, Lu M (2022) State-of-the-art myocardial strain by 
CMR feature tracking: clinical applications and future perspectives. Eur 
Radiol 32:5424–5435. https://​doi.​org/​10.​1007/​s00330-​022-​08629-2

	4.	 Kording F, Yamamura J, de Sousa MT et al (2018) Dynamic fetal car-
diovascular magnetic resonance imaging using Doppler ultrasound 
gating. J Cardiovasc Magn Reson 20:17. https://​doi.​org/​10.​1186/​
s12968-​018-​0440-4

	5.	 Tavares de Sousa M, Hecher K, Yamamura J, Kording F, Ruprecht C, Fehrs 
K et al (2019) Dynamic fetal cardiac magnetic resonance imaging in 
four-chamber view using Doppler ultrasound gating in normal fetal heart 
and in congenital heart disease: comparison with fetal echocardiography. 
Ultrasound Obstet Gynecol 53:669–75. https://​doi.​org/​10.​1002/​uog.​
20167

	6.	 Kording F, Schoennagel BP, de Sousa MT, Fehrs K, Adam G, Yamamura J, 
Ruprecht C (2018) Evaluation of a portable doppler ultrasound gating 

device for fetal cardiac MR imaging: initial results at 1.5T and 3T. Magn 
Reson Med Sci 17:308–17. https://​doi.​org/​10.​2463/​mrms.​mp.​2017-​0100

	7.	 Vollbrecht TM, Hart C, Zhang S, Katemann C, Isaak A, Pieper CC et al 
(2023) Fetal cardiac cine MRI with Doppler US gating in complex con-
genital heart disease. Radiol Cardiothorac Imaging 5:e220129. https://​doi.​
org/​10.​1148/​ryct.​220129

	8.	 Knapp J, Tavares de Sousa M, Lenz A, Herrmann J, Zhang S, Kording F 
et al (2023) Fetal 4D flow MRI of the great thoracic vessels at 3 Tesla using 
Doppler-ultrasound gating: a feasibility study. Eur Radiol 33:1698–1706. 
https://​doi.​org/​10.​1007/​s00330-​022-​09167-7

	9.	 Schoennagel BP, Yamamura J, Kording F, Fischer R, Bannas P, Adam G et al 
(2019) Fetal dynamic phase-contrast MR angiography using ultrasound 
gating and comparison with Doppler ultrasound measurements. Eur 
Radiol 29:4169–4176. https://​doi.​org/​10.​1007/​s00330-​018-​5940-y

	10.	 Haris K, Hedström E, Kording F, Bidhult S, Steding-Ehrenborg K, Ruprecht 
C et al (2020) Free-breathing fetal cardiac MRI with Doppler ultrasound 
gating, compressed sensing, and motion compensation. J Magn Reson 
Imaging 51:260–272. https://​doi.​org/​10.​1002/​jmri.​26842

	11.	 Muser D, Castro SA, Santangeli P, Nucifora G (2018) Clinical applications 
of feature-tracking cardiac magnetic resonance imaging. World J Cardiol 
10:210–221. https://​doi.​org/​10.​4330/​wjc.​v10.​i11.​210

	12.	 Morais P, Marchi A, Bogaert JA, Dresselaers T, Heyde B, D’Hooge J, Bogaert 
J (2017) Cardiovascular magnetic resonance myocardial feature tracking 
using a non-rigid, elastic image registration algorithm: assessment of vari-
ability in a real-life clinical setting. J Cardiovasc Magn Reson 19:24. https://​
doi.​org/​10.​1186/​s12968-​017-​0333-y

	13.	 Matsui H, Germanakis I, Kulinskaya E, Gardiner HM (2011) Temporal and 
spatial performance of vector velocity imaging in the human fetal heart. 
Ultrasound Obstet Gynecol 37:150–157. https://​doi.​org/​10.​1002/​uog.​
8815

	14.	 Willruth AM, Geipel AK, Berg CT, Fimmers R, Gembruch UG (2011) Com-
parison of global and regional right and left ventricular longitudinal peak 
systolic strain, strain rate and velocity in healthy fetuses using a novel 
feature tracking technique. J Perinat Med 39:549–556. https://​doi.​org/​10.​
1515/​JPM.​2011.​060

	15.	 van Oostrum NHM, de Vet CM, Clur SB, van der Woude DAA, van den 
Heuvel ER, Oei SG, van Laar JOEH (2022) Fetal myocardial deformation 
measured with two-dimensional speckle-tracking echocardiography: 
longitudinal prospective cohort study of 124 healthy fetuses. Ultrasound 
Obstet Gynecol 59:651–659. https://​doi.​org/​10.​1002/​uog.​24781

	16.	 van Oostrum NHM, de Vet CM, van der Woude DAA, Kemps HMC, Oei 
SG, van Laar JOEH (2020) Fetal strain and strain rate during pregnancy 
measured with speckle tracking echocardiography: a systematic review. 
Eur J Obstet Gynecol Reprod Biol 250:178–187. https://​doi.​org/​10.​1016/j.​
ejogrb.​2020.​04.​002

	17.	 Amzulescu MS, de Craene M, Langet H, Pasquet A, Vancraeynest D, 
Pouleur AC et al (2019) Myocardial strain imaging: review of general 
principles, validation, and sources of discrepancies. Eur Heart J Cardiovasc 
Imaging 20:605–619. https://​doi.​org/​10.​1093/​ehjci/​jez041

	18.	 Augustine D, Lewandowski AJ, Lazdam M, Rai A, Francis J, Myerson S 
et al (2013) Global and regional left ventricular myocardial deformation 
measures by magnetic resonance feature tracking in healthy volunteers: 
comparison with tagging and relevance of gender. Journal of Cardiovas-
cular Magnetic Resonance 15:8. https://​doi.​org/​10.​1186/​1532-​429X-​15-8

	19.	 Schuster A, Morton G, Hussain ST, Jogiya R, Kutty S, Asrress KN et al (2013) 
The intra-observer reproducibility of cardiovascular magnetic resonance 
myocardial feature tracking strain assessment is independent of field 
strength. Eur J Radiol 82:296–301. https://​doi.​org/​10.​1016/j.​ejrad.​2012.​11.​
012

	20.	 Heermann P, Hedderich DM, Paul M, Schülke C, Kroeger JR, Baeßler B et al 
(2014) Biventricular myocardial strain analysis in patients with arrhythmo-
genic right ventricular cardiomyopathy (ARVC) using cardiovascular 
magnetic resonance feature tracking. Journal of Cardiovascular Magnetic 
Resonance 16:75. https://​doi.​org/​10.​1186/​s12968-​014-​0075-z

	21.	 Lang RM, Badano LP, Mor-Avi V, Afilalo J, Armstrong A, Ernande L et al 
(2015) Recommendations for cardiac chamber quantification by echocar-
diography in adults: an update from the American Society of Echocardi-
ography and the European Association of Cardiovascular Imaging. J Am 
Soc Echocardiogr 28:1-39.e14. https://​doi.​org/​10.​1016/j.​echo.​2014.​10.​003

	22.	 Nagata Y, Takeuchi M, Mizukoshi K (2015) Wu VC-C, Lin F-C, Negishi K, et al 
Intervendor variability of two-dimensional strain using vendor-specific 

https://doi.org/10.1016/j.jcmg.2015.11.001
https://doi.org/10.1093/ehjci/jeu181
https://doi.org/10.1007/s00330-022-08629-2
https://doi.org/10.1186/s12968-018-0440-4
https://doi.org/10.1186/s12968-018-0440-4
https://doi.org/10.1002/uog.20167
https://doi.org/10.1002/uog.20167
https://doi.org/10.2463/mrms.mp.2017-0100
https://doi.org/10.1148/ryct.220129
https://doi.org/10.1148/ryct.220129
https://doi.org/10.1007/s00330-022-09167-7
https://doi.org/10.1007/s00330-018-5940-y
https://doi.org/10.1002/jmri.26842
https://doi.org/10.4330/wjc.v10.i11.210
https://doi.org/10.1186/s12968-017-0333-y
https://doi.org/10.1186/s12968-017-0333-y
https://doi.org/10.1002/uog.8815
https://doi.org/10.1002/uog.8815
https://doi.org/10.1515/JPM.2011.060
https://doi.org/10.1515/JPM.2011.060
https://doi.org/10.1002/uog.24781
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/jez041
https://doi.org/10.1186/1532-429X-15-8
https://doi.org/10.1016/j.ejrad.2012.11.012
https://doi.org/10.1016/j.ejrad.2012.11.012
https://doi.org/10.1186/s12968-014-0075-z
https://doi.org/10.1016/j.echo.2014.10.003


Page 8 of 8Dargahpour Barough et al. European Radiology 

and vendor-independent software. J Am Soc Echocardiogr 28:630–641. 
https://​doi.​org/​10.​1016/j.​echo.​2015.​01.​021

	23.	 DeVore GR, Klas B, Satou G, Sklansky M (2018) Longitudinal annular 
systolic displacement compared to global strain in normal fetal hearts 
and those with cardiac abnormalities. J Ultrasound Med 37:1159–1171. 
https://​doi.​org/​10.​1002/​jum.​14454

	24.	 Germanakis I, Matsui H, Gardiner HM (2012) Myocardial strain abnor-
malities in fetal congenital heart disease assessed by speckle tracking 
echocardiography. Fetal Diagn Ther 32:123–130. https://​doi.​org/​10.​1159/​
00033​4413#

	25.	 Miller TA, Puchalski MD, Weng C, Menon SC (2012) Regional and global 
myocardial deformation of the fetal right ventricle in hypoplastic left 
heart syndrome. Prenat Diagn 32:949–953. https://​doi.​org/​10.​1002/​pd.​
3939

	26.	 DeVore GR, Afshar Y, Harake D, Satou G, Sklansky M (2022) Speckle-track-
ing analysis in fetuses with tetralogy of Fallot: evaluation of right and left 
ventricular contractility and left ventricular function. J Ultrasound Med 
41:2955–2964. https://​doi.​org/​10.​1002/​jum.​15987

	27.	 DeVore GR, Satou G, Sklansky M, Cuneo B (2023) Speckle tracking analysis 
in fetuses with D-transposition: predicting the need for urgent neonatal 
balloon atrial septostomy. Pediatr Cardiol 44:1382–1396. https://​doi.​org/​
10.​1007/​s00246-​023-​03131-y

	28.	 Alsolai AA, Bligh LN, Greer RM, Gooi A, Kumar S (2019) Prelabour myocar-
dial deformation and cardiac output in fetuses that develop intrapartum 
compromise at term: a prospective observational study. J Matern Fetal 
Neonatal Med 32:3618–3626. https://​doi.​org/​10.​1080/​14767​058.​2018.​
14691​26

	29.	 van Mieghem T, Giusca S, DeKoninck P, Gucciardo L, Doné E, Hindryckx A 
et al (2010) Prospective assessment of fetal cardiac function with speckle 
tracking in healthy fetuses and recipient fetuses of twin-to-twin transfu-
sion syndrome. J Am Soc Echocardiogr 23:301–308. https://​doi.​org/​10.​
1016/j.​echo.​2009.​12.​024

	30.	 Enzensberger C, Rostock L, Graupner O, Götte M, Wolter A, Vorisek C et al 
(2019) Wall motion tracking in fetal echocardiography-application of low 
and high frame rates for strain analysis. Echocardiography 36:386–93. 
https://​doi.​org/​10.​1111/​echo.​14238

	31.	 Kapusta L, Mainzer G, Weiner Z, Deutsch L, Khoury A, Haddad S, Lorber A 
(2013) Changes in fetal left and right ventricular strain mechanics during 
normal pregnancy. J Am Soc Echocardiogr 26:1193–1200. https://​doi.​org/​
10.​1016/j.​echo.​2013.​06.​007

	32.	 Clavero Adell M, Ayerza Casas A, Jiménez Montañés L, Palanca Arias D, 
López Ramón M, Alcalá Nalvaiz J-T, Samper VP (2020) Evolution of strain 
and strain rate values throughout gestation in healthy fetuses. Int J Car-
diovasc Imaging 36:59–66. https://​doi.​org/​10.​1007/​s10554-​019-​01695-6

	33.	 Smolich JJ, Walker AM, Campbell GR, Adamson TM (1989) Left and right 
ventricular myocardial morphometry in fetal, neonatal, and adult sheep. 
Am J Physiol 257:H1-9. https://​doi.​org/​10.​1152/​ajphe​art.​1989.​257.1.​H1

	34.	 Schubert U, Müller M, Norman M, Abdul-Khaliq H (2013) Transition from 
fetal to neonatal life: changes in cardiac function assessed by speckle-
tracking echocardiography. Early Human Dev 89:803–808. https://​doi.​
org/​10.​1016/j.​earlh​umdev.​2013.​06.​009

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

https://doi.org/10.1016/j.echo.2015.01.021
https://doi.org/10.1002/jum.14454
https://doi.org/10.1159/000334413#
https://doi.org/10.1159/000334413#
https://doi.org/10.1002/pd.3939
https://doi.org/10.1002/pd.3939
https://doi.org/10.1002/jum.15987
https://doi.org/10.1007/s00246-023-03131-y
https://doi.org/10.1007/s00246-023-03131-y
https://doi.org/10.1080/14767058.2018.1469126
https://doi.org/10.1080/14767058.2018.1469126
https://doi.org/10.1016/j.echo.2009.12.024
https://doi.org/10.1016/j.echo.2009.12.024
https://doi.org/10.1111/echo.14238
https://doi.org/10.1016/j.echo.2013.06.007
https://doi.org/10.1016/j.echo.2013.06.007
https://doi.org/10.1007/s10554-019-01695-6
https://doi.org/10.1152/ajpheart.1989.257.1.H1
https://doi.org/10.1016/j.earlhumdev.2013.06.009
https://doi.org/10.1016/j.earlhumdev.2013.06.009

	Myocardial strain assessment in the human fetus by cardiac MRI using Doppler ultrasound gating and feature tracking
	Abstract 
	Objectives 
	Methods 
	Results 
	Conclusion 
	Clinical relevance statement 
	Key Points 

	Introduction
	Material and methods
	Study population
	Fetal cardiac MRI
	Strain analysis
	Statistical analysis

	Results
	Comparison of strain parameters in fetuses with CHD and healthy controls
	Discriminant analysis of strain parameters

	Discussion
	Acknowledgements
	References


