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Benefits of fetal CMR1 today
Approximately 1% of neonates are affected by congenital 
heart defects [1]. Even though prenatal diagnosis has  
improved, it needs to be further perfected in order to  
reduce morbidity and mortality [2]. Fetal echocardiography 
is widely available and plays the main role in enhanced  
prenatal diagnosis. Ultrasound image quality nowadays  
is exceptional compared to a decade ago. However, diag-
nosis based on ultrasound is still limited as it is highly  
operator-dependent and may be particularly challenging  
in late pregnancy or in maternal obesity [3, 4].

Fetal magnetic resonance imaging has been used  
for almost 40 years, mainly for diagnosing fetal thoracic, 
abdominal, and brain malformations. This is mostly 
achieved using static anatomical images. Dedicated  
fetal cardiovascular magnetic resonance (CMR) was  
performed at only a few centers worldwide 5–10 years 
ago. Nowadays, approximately 30 centers are running  
or setting up fetal CMR as part of their clinical service and 
research. Static balanced steady-state free precession  
(bSSFP) images (Fig. 1) are more than sufficient to depict 
anatomy. Early real-time acquisitions depicted fetal  
cardiac systolic function, but the spatial resolution was  
too low to clearly portray detailed fetal cardiac anatomy  
or regional function (Fig. 2A).

Dynamic fetal CMR took off with the introduction of 
the metric optimized gating (MOG) postprocessing method 
for phase-contrast CMR flow measurements [5], which was 
also applied for fetal cardiac cine imaging (Fig. 2B) [6].  
This method introduced sufficient temporal and spatial  
resolution to study the fetal heart in detail using CMR,  
and overcame the lack of fetal cardiac gating.

Self-gated postprocessing methods, such as 2D iGRASP 
(Fig. 2C) [7–9], have since been introduced and used to  
assess fetal cardiac malformations, along with methods 
with shorter acquisition times and greater tolerance to  
fetal motion [10–12]. These methods rely on computa-
tionally demanding postprocessing, and currently images 
are not immediately visualized on the scanner, which  

limits the information available directly after the fetal CMR 
examination. Image reconstruction time depends on local 
setup and engineering expertise. It is therefore crucial  
to have local pipelines or faster postprocessing methods  
in place so that images can be reconstructed soon after 
data acquisition is complete. On a positive note, imaging 
sequences and postprocessing methods are quite openly 
shared and there is a growing community that supports 
making fetal CMR available for routine patient scans.

1   Static balanced steady-state free precession images of a fetal heart 
at gestational week 33 with transposition of the great arteries 
(TGA). Transversal images (1A, B) show the left (LV) and right 
ventricles (RV) with the aorta (Ao) coming from the right ventricle. 
Sagittal images (1C, D) correspondingly show the left and right 
ventricles with the aortic outflow tract (*) from the right ventricle, 
aortic arch, and normal aortic arch vessels (white arrowheads).
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The next leap in improving dedicated fetal CMR was 
the introduction of an MR-compatible cardiac gating device 
that uses Doppler ultrasound for gating the MR data acqui-
sition to the fetal heartbeat (smart-sync, northh medical 
GmbH, Hamburg, Germany) [13, 14]. This made it possible 
to use standard bSSFP cine sequences for fetal CMR.  
Standard sequence parameters need to be adjusted to the 
high fetal heart rate of approximately 140 bpm, for the 
small structures with a total heart diameter of approxi-
mately 4 cm (toward term) with myocardium just a few 
milli meters thick, for vessel diameters of approximately  
5–10 mm, and for taking into account SAR and noise  
levels (Figs. 3, 4).

For assessing vascular anatomy, the aforementioned 
methods also work for producing static and cine white-
blood images. An alternative is to use a 2D oversampling 
method for creating a 3D volume using black-blood  
images [15]. This is an image-based approach and could  
be implemented on various MR systems.

Beyond anatomy and cardiac function: 
Physiology by blood flow and oxygenation
Although anatomy and cardiac function by fetal CMR  
improve diagnosis and impact clinical decision-making 
[16], fetal cardiovascular physiology can be assessed more 
extensively in the same session. This includes blood flow 

and oxygenation measurements as well as 3D imaging for 
fetal weight for normalizing blood flow volumes and for 
calculating oxygen delivery and consumption [17, 18]. 
Whereas blood flow is central in pediatric and adult CMR,  
a clear clinical purpose for blood flow quantification in  
the individual fetus remains to be seen. However, several 
studies indicate potential uses, ranging from analysis of 
blood streaming in cardiac malformations to changes 
during maternal hyperoxygenation. More recent studies on 
fetal blood flow show higher accuracy and less variability 
than in the original studies [19, 20]. Standardization is 
needed for a wider clinical application, particularly with  
respect to phase-contrast background phase correction in 
the moving fetus.

Whereas non-invasive quantification of fetal blood  
oxygenation has been validated both in vitro [21] and in 
vivo [22], the concept is still challenging because results 
are dependent on the specific pulse sequence, and other 
centers have proposed methods that yield saturation  
measurements outside the fetal physiological range. One 
such implementation is available via a C2P exchange from  
The Hospital for Sick Children (SickKids), Toronto, Canada, 
and its availability may move the field forward toward  
standardization. However, in vivo validation is still needed 
in a multicenter setting and to show that data are of low 
variability and comparable between centers. Known errors 
between centers are related to using different T2 fitting  

2   A short-axis basal slice in 
diastole (top row) and systole 
(bottom row) showing images 
acquired using a real-time 
sequence (2A), metric 
optimized gating (MOG, 2B) 
[6], and original 2D iGRASP 
(2C) [7]. Note the higher 
spatial resolution with MOG 
and iGRASP compared to the 
real-time images. A movie 
showing the three methods 
side-by-side was published  
as supplemental material to  
Haris et al. [7].
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algorithms and different shimming methods. One also 
needs to consider that data are sensitive to blood flow, 
with fetal data commonly acquired over both systole and 
diastole [23, 24]. Acquisition of oxygenation data using  
the aforementioned MR-compatible ultrasound device for 
gating is not yet possible because the acquisition is too 
long for the short fetal RR interval. Sequence development 
is needed before taking this approach, which would other-
wise be interesting for decreasing the impact of different 
flow profiles.

Conclusion
Fetal CMR is increasingly used and offers benefits for  
patients and clinical decision-makers. Although echocardi-
ography is and should remain the first-line examination 
and screening tool, fetal CMR will likely strengthen its  
position as an important tool for further improving the  
prenatal diagnosis of cardiovascular malformations and  
reducing morbidity and mortality. For this to happen, stan-
dardization of both pulse sequences and analysis methods 
is crucial, in conjunction with simpler methods for acquisi-
tion, motion correction, and online image reconstruction.
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Introduction
Congenital heart disease (CHD) is the most common 
birth defect affecting nearly 1% of pregnancies in Europe 
[1, 2]. Gestational screening has greatly improved 
antenatal diagnosis of heart malformations and several 
prenatal interventions now exist to treat CHD in utero,  
or soon after birth. The timing and type of treatment 
relies heavily on the ability to accurately visualize a  
given cardiac malformation. Echocardiography is the 
gold standard for fetal cardiac imaging [3]. This imaging 
technique is safe and non-invasive but, despite the 
progress made in the field of fetal ultrasonography,  
its quality varies in the presence of maternal obesity, 
oligohydramnios, multiple gestations, or imaging during 
late gestation, among other conditions [4]. Since its early 
applications [5], cardiac magnetic resonance imaging 
(MRI) has been increasingly investigated for fetal1 heart 
imaging in the last decade and has now become an 
active area of research. A growing number of studies are 
exploring its applicability in the evaluation of cardiac 
morphology and function for both normal and abnormal 
hearts [6–13]. Despite encouraging advances, there 
remain significant challenges for fetal cardiac MRI, 
including the small size and the high rate of the fetal 
heart, the absence of a conventional fetal cardiac gating 
signal, and the numerous sources of motion artifacts, 
such as gross fetal movement, and maternal respiration 
[4]. However, if these challenges can be addressed, it  
has been shown that MRI has the potential to provide 
complementary information to echocardiography, 
improve our ability to monitor CHD diagnosed in utero, 
and better help guide treatments and decision making.

The aim of this project was to develop an MR image 
acquisition and reconstruction framework that can 
overcome the aforementioned challenges and visualize 
the fetal heart with high spatial and temporal resolution 
[8]. In this article, we describe such an approach, which 
combines maternal breath-hold, compressed sensing, 
and self-gating to produce high quality CINE images  
of the fetal heart. In addition, here we show preliminary 
results using our reconstruction framework to produce 
high quality CINE images of the fetal heart. For  
comparison, we include ultrasound images in the  
same orientation of those acquired with MR.

Image reconstruction framework
Our reconstruction framework for golden angle radial 
acquisitions is composed of three main steps. First, 
intermediate low-resolution images are reconstructed 
using compressed sensing. Second, an ECG-like  
self-gating signal is extracted from the intermediate 
images. Third, the acquired data are reordered into  
the identified cardiac phases (Fig. 1) [8].

Initially, low spatial and temporal resolution images 
are reconstructed with a sliding window approach using 
15 radial readouts per window and 70% view-sharing, 
leading to a temporal resolution of 18.5 ms (Fig. 1B). 
Subsequently, the obtained images are analyzed off-line 
with a custom-built semi-automatic tool in MATLAB2 
(MathWorks, Natick, MA, USA). The gating signal that 
reproduces the contraction cycles of the fetal heart is 
computed by cross-correlating each intermediate frame 
to a diastolic and a systolic reference image, focusing on 
a region of interest circumscribed around the fetal heart 
(Fig. 1C). Finally, and owing to the characteristics that  
the golden angle acquisition scheme is providing us with, 

1   Siemens Healthineers disclaimer does not represent the opinion of the  
authors: MR scanning has not been established as safe for imaging fetuses  
and infants less than two years of age. The responsible physician must  
evaluate the benefits of the MR examination compared to those of other 
imaging procedures.

2   The information shown herein refers to products of 3rd party manufacturers 
and thus are in their regulatory responsibility. Please contact the 3rd party 
manufacturer for further information.
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Figure 1:  
Schematic overview of the MRI acquisition and reconstruction framework. The data, acquired with a golden angle continuous acquisition 
technique (1A), were reconstructed applying a sliding window binning (1B) and intermediate images were obtained. The low-resolution 
images were subsequently analyzed to extract an ECG-like gating signal that represents the contraction cycles of the fetal heart (1C). 
The self-gating signal was then used to retrospectively bin the radial data in different cardiac phases during which they were acquired (1D). 
(Figure adapted from Chaptinel et al. [8], with permission according to https://creativecommons.org/licenses/by/4.0/).

1A

Unknown ECG

Continuous non-ECG triggered acquisition

Real-time reconstruction

Gating signal

Data reordering

1B

1C

1D

3534333231302928272625242322212019181716151413121110987654321

1

3

35

33

4

2

5

3

46 32

34

… … … …

3534333231302928272625242322212019181716151413987654321 121110

… … … …
Phase 1 Phase 2 Phase N

3 4

2

21

28
4

535 20 9
18

19
2610

11
27

102612

622

8
32

16

7
1
33
15

24

the radial readouts are retrospectively binned into different 
cardiac phases (Fig. 1D) with a bin width of 25 ms and  
a view-sharing equal to 50%, improving the temporal 
resolution to 12.5 ms. Both intermediate and retro-gated 
images are reconstructed using an in-house script 
implementing a k-t sparse SENSE algorithm model [14].

Image acquisition and analysis
To validate the proposed framework, six pregnant 
patients (gestational age 29.7 ± 2.1 weeks at the time  
of the MRI exam) with a suspicion of fetal non-cardiac 
pathology were recruited to undergo both MRI and fetal 
echocardiography. Written informed consent, according 

to the recommendations of the local ethics committee, 
was obtained from all subjects prior to examination. 

MR acquisition was performed on a 1.5T clinical  
MR scanner (MAGNETOM Aera, Siemens Healthcare,  
Erlangen, Germany) with a 32-channel spine coil and  
an 18-channel body array coil for signal measurement. 
Data were collected under maternal breath-hold with a 
prototype radial golden angle bSSFP sequence (Fig. 1A) 
and acquisition parameters are summarized in Table 1 [8]. 
For each patient, three standard views (four-chamber, 
three-vessel and short-axis view), that are routinely 
targeted in the clinical fetal echocardiographic examina- 
tion, were acquired (Fig. 2) in 20.1 s each. Echocardio-
graphic images were acquired on a Voluson E8 Expert  
or Voluson E10 (GE Healthcare, Waukesha, WI, USA)  
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with the RM6C 3D/4D curved array transducer with a 
frequency comprised in the range 1.0–7.0 MHz. Finally, 
MR and echocardiographic images were qualitatively and 
quantitatively compared to demonstrate the capability  
of both imaging techniques to visualize and measure 
heart structures. Two experienced pediatric cardiologists 
visually evaluated the quality of the images obtained 
with both modalities. Subsequently, they measured the 
diameter of aorta, main pulmonary artery, mitral valve 
annulus and tricuspid valve annulus using ClearCanvas 
(Synaptive Medical, Toronto, Canada) on both MR and 
echocardiographic images for each patient.

Results and discussion
MR images were successfully acquired on all patients. 
Figure 3 shows an example of fetal heart images in a 
4-chamber (Fig. 3A), a short-axis (Fig. 3B) and a three 
vessel view (Fig. 3C) acquired in a 31-week-old fetus.  
MR images (columns on the left) are visually compared 
to the images obtained with the gold standard, echocar-

2A
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Figure 2:  
Example of retro-gated MR images obtained with the 
proposed acquisition and reconstruction framework in a 
4-chamber (2A), short-axis (2B) and three vessel view (2C). 
2B and C are from the same 32-week-old fetus while 2A is 
from a different subject (gestational age 28 weeks).

To access the animated gif of the 4-chamber,  
short-axes, and 3-vessels view, please visit: 
www.siemens.com/fetal-mri

Parameter Value

Field-of-view 260 x 260 mm2

Base resolution 256 x 256 pixels

Pixel size 1.0 x 1.0 mm2

Slice thickness 4.0 mm

TE/TR 1.99/4.1 ms

RF excitation angle 70°

Slices 3

Shot per slice 1

Radial readouts per slice 1600

Acquisition time per slice 6.7 s

Bandwidth 1028 Hz/pixel

Reconstructed temporal 
resolution

12.5 ms (shared phases)

Table 1: Values of the MR acquisition parameters.
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