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Abstract
Purpose: Widening the availability of fetal MRI with fully automatic real-time planning
of radiological brain planes on 0.55T MRI.
Methods: Deep learning-based detection of key brain landmarks on a whole-uterus echo
planar imaging scan enables the subsequent fully automatic planning of the radiological
single-shot Turbo Spin Echo acquisitions. The landmark detection pipeline was trained
on over 120 datasets from varying field strength, echo times, and resolutions and quan-
titatively evaluated. The entire automatic planning solution was tested prospectively in
nine fetal subjects between 20 and 37 weeks. A comprehensive evaluation of all steps,
the distance between manual and automatic landmarks, the planning quality, and the
resulting image quality was conducted.
Results: Prospective automatic planning was performed in real-time without latency in
all subjects. The landmark detection accuracy was 4.2 ± 2.6 mm for the fetal eyes and
6.5 ± 3.2 for the cerebellum, planning quality was 2.4/3 (compared to 2.6/3 for manual
planning) and diagnostic image quality was 2.2 compared to 2.1 for manual planning.
Conclusions: Real-time automatic planning of all three key fetal brain planes was suc-
cessfully achieved and will pave the way toward simplifying the acquisition of fetal MRI
thereby widening the availability of this modality in nonspecialist centers.

K E Y W O R D S

fetal brain development, fetal MRI, motion correction, motion detection, T2* relaxometry,
tracking
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1 INTRODUCTION

MRI plays an increasing role in both clinical antena-
tal diagnosis and research, complementing ultrasound
screening for a range of suspected fetal pathologies. The
most common clinical indication1 for fetal MR imaging is
thereby suspected brain anomalies. MRI has demonstrated
specific additional utility when compared with ultrasound
in evaluating the posterior fossa,2 midline structures, the
cortex in the progressively ossifying fetal skull, evidence
of hemorrhage,3 cysts, cleft palates4 and head and neck
tumors,5 among others.

MRI offers, complementary to ultrasound, enhanced
soft tissue contrast, a wide range of functional contrasts,
and generally high spatial resolution. However, it poses
unique challenges, such as safety considerations, involun-
tary fetal motion, artifacts arising from air–tissue bound-
aries, and variability in fetal position and maternal sur-
roundings. The most widely used acquisition technique
is T2-weighted two-dimensional single-shot Turbo Spin
Echo (ssTSE), providing excellent contrast and an in-plane
resolution of 1–1.5 mm, while effectively freezing motion
for each individual slice.

Radiological assessment requires high-quality images
in a set of defined fetal brain planes to perform a set of
key measurements including the bi-parietal diameter,
trans-cerebellar diameter, and ventricle diameters among
others, and to visualize essential structures like the cor-
pus callosum6 and cerebellar vermis to identify deviations
from normal development. Furthermore, gyrification and
cortical development may be visualized in detail. Given
the size of the studied structures, the accuracy of these
measurements is crucial and relies on the availability
of exact sagittal, coronal, and axial slices. While recent
advances in Slice-to-Volume-Reconstruction7–10 allow
three-dimensional (3D) reconstructed high-resolution 3D
volumes and thus re-orientation to true brain anatomy
in cases where suboptimal, oblique native planes are
acquired, this technique is currently only available in
specialist centers and often performed offline. Special-
ized radiographers trained to perform this challenging
planning for fetal MRI are essential. Typically, acquisition
planning is performed by optimizing the angles manually
and iteratively on stacks acquired in different orienta-
tions such as whole uterus sagittal and coronal ssTSE
sequences.

Another recent development is the rediscovery of
low-field 0.55T MRI. It addresses some of the afore-
mentioned challenges of fetal MRI: the increased field
homogeneity reduces distortion artifacts, the larger bore
size widens access to pregnant women with larger body
mass index, and in later gestation, the reduced heating
allows more efficient acquisitions and the longer T2* is

beneficial for widely performed T2* relaxometry measure-
ments. Recent studies showed its benefits as a promising
tool for fetal MRI.11–13 The reduced cost, footprint, and
eliminated need for shimming tools particularly carry the
potential to widen access to this modality. However, a care-
ful balance between these benefits and maintenance of
adequate image quality given the reduced signal-to-noise
ratio (SNR) is required and often leads to a choice of
thicker slices to increase the SNR. Thicker slices, however,
put further emphasis on accurate planning.

Recent work highlighted the use of AI methods during
the acquisition in motion detection, correction, and auto-
matic planning. Specifically in fetal MRI, work showed
the ability to perform quality control,14 automatic seg-
mentation,15,16 and automatic tracking.17,18 Automatic
field-of-view prescription was shown in the abdomen
using deep learning segmentations19 and in the heart using
tracking based on landmarks20 with successful detection
ratings of 99.7%–100% for cine images and Euclidean dis-
tances between manual and automatically detected labels
from 2 to 3.5 mm. Similar work in the brain detecting
landmarks such as the anterior and posterior commis-
sures and subsequently the symmetry line using mul-
titask deep neural networks were demonstrated among
others by Yang et al.21 Specifically for fetal MRI, segmen-
tation of the eye region and detection of the general head
position was suggested by Hoffmann et al.22 using classi-
cal image processing methods such as maximally stable
extremal regions and by Xu et al.23 using convolutional
networks—both applicable for real-time slice planning in
the future.

Here, we present an automatic, fast landmark detec-
tion and subsequent automatic radiological planning of
fetal brain scans. The technique was implemented, tested,
and evaluated on prospective 0.55T low-field fetal MRI
scans.

2 METHODS

A method allowing automatic planning of the three radi-
ological fetal brain planes using landmarks is presented
and compared to manual planning. The methods section
will first detail the conventional manual planning and then
describe the proposed new method.

2.1 Manual planning of brain
acquisitions

Planning radiological fetal brain planes typically requires
whole uterus ssTSE acquisitions as a starting point. An
example is given in Figure 1. The orbits of the eyes
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NEVES SILVA et al. 1265

F I G U R E 1 Conventional manual planning of the three radiological orientations for fetal anatomical T2-weighted single-shot turbo spin
echo (ssTSE) acquisitions. (A–C) illustrate whole uterus ssTSE slices in sagittal and coronal orientation to the uterus overlaid with the planning
lines (cyan) to obtain (D) an axial brain ssTSE stack, allowing together with the uterus stacks to plan true sagittal (pink planning lines) and
coronal (dark blue planning lines) brain ssTSE stacks. The blue arrows in A–C illustrate the used landmarks during manual planning.

and the back of the skull (Figure 1A, blue arrows) are
used to define the orientation of the true brain axial
scan, with final adjustments accomplished using the bot-
tom of the lobes (Figure 1B, blue arrows, dotted blue
line), slightly shifting the center of the acquisition toward
the center of the brain (Figure 1B, blue line showing
through-plane view). The midline between the two hemi-
spheres allows to guide the true brain sagittal orienta-
tion (Figure 1B, dotted pink line, through-plane view).
A favorable view of the lobes is shown in Figure 1C,
which is subsequently used to define the true brain
coronal acquisition (blue box, in-plane view). After the
true brain axial scan is acquired, final adjustments to
the coronal and sagittal radiological planes are per-
formed, for instance by checking that the sagittal center
of acquisition matches the brain midline across multi-
ple axial slices (Figure 1D–F, pink lines showing sagittal
through-plane view). The dotted lines show preliminary
planning and the full lines show the final planning of
the scan.

2.2 Automatic planning of brain
acquisitions

The automatic sequence planning framework was imple-
mented on a 0.55T scanner (MAGNETOM Free.Max,
Siemens Healthcare). A whole-uterus multi-echo
gradient-echo single-shot echo planar imaging (EPI)
sequence in coronal maternal orientation is acquired in
less than 30 s to perform T2* mapping in several fetal
organs and the placenta. In this study, this sequence
is additionally used for the automatic detection of
fetal brain structures that enable automatic planning.
The proposed solution consists of three steps: (A) The
fetal brain position is detected on the EPI scan and
a bounding box is generated, (B) The landmarks in
the fetal head are identified, (C) The true fetal brain
planes are calculated and applied to the following
high-resolution ssTSE sequences (see Figure 2 for an
overview of the process and Table 1 for all used imaging
parameters).
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1266 NEVES SILVA et al.

F I G U R E 2 Schematic overview over the entire pipeline for automatic planning. (A) Detection of the fetal brain landmarks in the echo
planar imaging sequence and (B) Planning parameters applied in the single-shot turbo spin echo sequence.

T A B L E 1 Sequence parameters for all described sequences used for training (first two rows, white) and for the prospective automatic
planning method (last two rows, gray).

Dataset Parameters Subjects Time
EPI training 1.5T 1.5T Philips Ingenia, 28-channel torso coil

Matrix = 144 × 144–288 × 288, Resolution 2.5 mm isotropic, 30–96 slices

TE = [14.6/77.4/140.1/202.8/265.5] ms, TR = 6.4-23 s 80 22.5 s

EPI training 3T 3T Philips Achieva, 32-channel cardiac coil

Matrix = 144 × 144-192 × 192, Resolution 2/3 mm isotropic, 45–75 slices

TE = [3.8/70.4/127/183.6] / [10.1/54.3/98.4/142.5/186.8] ms, TR = 18.4-23.1 ms 77 18.3 s

EPI autoplan 0.55T Siemens MAGNETOM Free.Max, 6-channel coil, 9-channel spine coil

Matrix = 100 × 100–128 × 128, Resolution 3.13–4.0 mm isotropic

TE = 81 ms, 50–59 slices, TR = 24.5–29 s 9 25 s

ssTSE autoplan 0.55T Siemens MAGNETOM Free.Max, 6-channel coil, 9-channel spine coil

Matrix = 304 × 304, Resolution 1.48 × 1.48 × 4.5 mm3, 35 slices

TE = 106 ms, TR = 14.6 s 9 55 s

Abbreviations: EPI, echo planar imaging; ssTSE, single-shot turbo spin echo; TE, echo time.
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NEVES SILVA et al. 1267

2.3 Localization of the fetal brain

First, the EPI sequence was modified to export the
acquired raw data to a Gadgetron reconstruction
pipeline,24 deployed on an external GPU-equipped
(NVIDIA GEFORCE RTX 2080 Ti, NVIDIA Corporate)
computer connected to the internal network of the MRI
scanner. The raw data is converted to ISMRMRD format
immediately upon acquisition and reconstructed using
off-the-shelf Gadgets that provide generic modules for
configuring the streaming reconstruction in the Gadgetron
framework. Then, a Python Gadget was implemented to
automatically estimate the position of the region of inter-
est in the image using a pretrained 3D UNet25 for fetal
brain localization. A bounding box encompassing the fetal
brain is calculated and used for the following landmark
detection task.18

2.3.1 Datasets and training

The fetal brain localization network was trained on 125
labeled fetal EPI datasets acquired at 1.5T/3T and tested
on 29 0.55T fetal datasets. To increase the robustness of
the network, the EPI scans used for the training and per-
formance evaluation of the model deliberately vary in the
acquisition parameters (field strength, echo time, resolu-
tion, acceleration factor), gestational age (15–40 weeks),
fetal health (control cases, fetal growth restriction, pro-
longed preterm rupture of the membranes, etc.), and fetal
position (cephalic, breech, transverse). The parameters
for the training data set were: (1) 3T Philips Achieva,
32-channel cardiac coil and 16-channel spine coil, matrix
size= 144× 144–192× 192, isotropic resolution 2 mm3, TE
= [3.8/70.4/127/183.6]/[10.1/54.3/98.4/142.5/186.8] ms,
45–75 slices; (2) 1.5T Philips Ingenia, 28-channel torso
coil, matrix size=144 × 144–288 × 288, isotropic res-
olution 2.5 mm, TE = [14.6/77.4/ 140.1/202.8/265.5]
ms, 30–96 slices. The trained model was tested on
low-field fetal datasets acquired on a 0.55T Siemens
MAGNETOM Free.Max, using a blanket-like BioMatrix
Contour-L 6-channel coil and fixed 9-channel spine coil,
matrix size = 100 × 100–128 × 128, isotropic reso-
lution 3.13–4.0 mm, TE = [46/120/194/268/342] ms,
50–59 slices.

2.4 Landmark detection

A deep learning-based landmark detection method using
the nnUNet framework26 was adopted to extract specific
head landmarks, concretely the orbit of both fetal eyes and

the lower edge of the cerebellum. This framework per-
forms semantic segmentation and it automatically adapts
to a given dataset by analyzing the provided training data
and configuring a matching UNet-based segmentation
pipeline. Furthermore, the furthest anterior point (FAP) of
the fetal brain mask is extracted. The center of mass (CoM)
coordinates of the landmarks, the brain mask, and the FAP
are then transformed into the patient coordinate system
and written into a text file on the external server and scan-
ner host. Figure 3A illustrates the key points extracted and
used for planning the radiological acquisitions.

2.4.1 Datasets and training

The landmark nnUNet was trained and tested on cropped
and labeled low-field EPI images of 76/15 fetal subjects,
respectively. Automatic cropping was performed to the
0.55T whole-uterus coronal EPI scans by first applying
the inference of the fetal brain localization network to the
datasets and using the estimated fetal brain position to
define a bounding box that is defined by the brain mask
and an expansion factor of 50%, defining how much the
bounding box should be enlarged relative to the dimen-
sions of the fetal brain, ensuring that the cropped region
contains all key landmarks. The cropped images defined
by the fetal head bounding boxes were therefore used as
input for the training and testing of the landmark detection
network. The gold standard segmentations of the land-
marks were manually drawn for each dataset. All slice
stacks were acquired using the low-field fetal protocol
described above.

2.5 Calculation of the radiological
brain planes

2.5.1 Automatic orientation calculation
of brain acquisitions

The ssTSE sequence that follows the EPI sequence in the
protocol was modified to use the information stored in
the autoplan file, which includes the landmarks and fetal
brain CoM coordinates and FAP, to calculate the three
standard radiological planes axial, sagittal, and coronal.
The normal vector to the sagittal plane is calculated as the
vector between the eyes landmarks (see Figure 3B). It was
identified that the eyes and FAP lie on the same approxi-
mately coronal plane and the eyes and cerebellum lie on
the same approximately axial plane. Therefore, the nor-
mal vector to the coronal plane was calculated as the dot
product of the two vectors between each eye and the FAP,
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1268 NEVES SILVA et al.

F I G U R E 3 (A) Key points extracted
from the whole-uterus coronal echo planar
imaging (EPI) scan for automatic planning of
the single-shot turbo spin echo (ssTSE) scans
are illustrated: these include key landmarks
eyes (red and green dots) and cerebellum
(blue dot) and two points extracted from the
fetal brain: the brain center of mass (CoM,
yellow dot) and the furthest anterior point. (B)
The axial orientation is defined using the eyes
and cerebellum center of mass coordinates,
the sagittal orientation uses the eyes CoM
coordinates, and the coronal orientation is
defined using the eyes CoM and furthest
anterior point of the fetal brain mask. The
brain CoM is used to define the center of the
slice stack for all radiological planes. The
purple boxes illustrate the slice position for
each orientation: in axial and coronal planes
the views shown are in-plane, and for the
sagittal plane the view shown is through-plane.

and the normal vector to the axial plane as the dot prod-
uct of two vectors between each eye and the cerebellum.
A hierarchical approach is chosen to increase robustness
even more: If the cerebellum is not extracted successfully,
the CoM of the brain is used instead for the vector calcula-
tion. The CoM of the brain is used to define the center of
the slice stack for all planes.

2.6 Experiments and evaluation

2.6.1 Evaluation of the fetal brain
localization and landmark detection accuracy

The performance of the localization network was ana-
lyzed using the dice similarity coefficient and the
Intersection-over-Union metric calculated between the
gold standard manual segmentations performed by two
fetal experts (9 and 2 years of fetal MRI experience, respec-
tively) and the brain masks generated by the network.
The landmark detection performance was analyzed by
calculating the 3D distance between the center of mass of
the manual segmentations of the landmarks performed
by fetal MRI experts and the landmarks obtained from the
network.

2.6.2 Real-time fetal brain plane planning

The entire pipeline was acquired prospectively in nine
pregnant volunteers in St Thomas’ Hospital, recruited
between October and December 2023 after informed con-
sent was obtained as part of two ethically approved studies
(MEERKAT REC19/LO/0852 and miBirth 23/LO/0685).
Women were scanned on the above-described clinical
0.55T MAGNETOM Free.Max scanner in the supine posi-
tion with leg support to ensure comfort with life mon-
itoring throughout the scan. Gestational ages ranged
between 20.3 and 37.3 weeks (mean 32.8 ± 3.5). For each
fetal subject, the initial whole-uterus coronal multi-echo
gradient-echo single-shot EPI scan was acquired (reso-
lution = 3.13–4.0 mm isotropic, TE=[81/227/372] ms,
50–59 slices, matrix size = 128 × 128). Subsequently, the
automatically-planned ssTSE (autoplan-ssTSE) prototype
sequence was acquired in all three radiological planes
with the following parameters: resolution = 1.48 × 1.48 ×
4.5 mm3, TE = 106 ms, 35 slices, matrix size = 304 ×
304, TE = 106 ms, TR = 14.6 s. In addition, the same
sequence was acquired with manual planning of the three
radiological planes by fetal radiographers (1–5 years of
experience) for all subjects. In total, for each fetal subject,
three planes (axial, coronal, and sagittal) were acquired,
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NEVES SILVA et al. 1269

resulting in a total of 27 acquisitions of each planning
approach—manual and automatic. The time required for
planning by the radiographers and the automatic method
was measured.

2.6.3 Evaluation of the planning quality
and diagnostic quality of the prospectively
acquired images

Quantitative evaluation was performed blinded to the
method and the ability to produce accurate measures
was scored. The resulting automatically planned radio-
logical planes were assessed by a fetal radiographer with
5 years of fetal MRI experience answering the ques-
tions "Rate the planning quality [1-3]" (1 – re-acquisition
required, 2 – usable, 3 – full brain coverage, symme-
try of the brain structures, no re-acquisition required). A
fetal radiologist with >15 years of experience addition-
ally quantified the clinical value of the automatic plan-
ning method by attempting to perform, for both manu-
ally and automatically planned acquisitions, five measure-
ments in the sagittal view (corpus callosum, cerebellar
vermis, pons anterior-posterior (AP) diameter, pituitary
stalk, hard palate), four in the coronal view (trans-cranial
diameter [TCD], bi-parietal diameter [BPD], cavum sep-
tum pellucidum, ventricle) and five in the axial view (BPD,
occipito-frontal diameter [OFD], ventricle, TCD, cavum
septum pellucidum). The radiologist was asked to answer
“Can you perform all radiological measurements? [0-5]”
(0 – unusable, 5 – all five measurements successfully per-
formed). The results were in addition assessed against
gestational age and maternal body mass index.

3 RESULTS

3.1 Fetal brain localization

The brain localization task, trained on mid/high-field
data, achieved an overall dice similarity coefficient of

0.82 ± 0.18 and intersection-over-union of 0.73 ± 0.19
when tested on low-field scans across all TEs, fetal posi-
tions, and gestational ages. Extraction of fetal brain masks
took between 11.4 and 20.6 ms per volume in the offline
testing mode.

3.2 (B) Landmark detection

The mean distance between the CoM of the eyes and
cerebellum labels from automatic and manual segmen-
tations was 4.2±2.6 mm and 6.5 ± 3.2 mm, respectively.
Figure 4 shows the predicted brain and landmarks seg-
mentations for one fetal subject of the landmarks model
test set. Figure 5 shows examples of predicted landmarks
generated by the nnUNet, the corresponding ground-truth
segmentations, and the distance between the two. Land-
mark detection took 5.2 s per volume in the offline testing
mode.

3.3 Real-time fetal brain plane
planning

The entire pipeline was successfully run in all nine
fetal scans, with all steps of the approach successfully
implemented and tested prospectively. The estimated time
between the completion of the EPI sequence and the start
of the ssTSE sequence, ready to be run with the planning
parameters correctly set, is less than 5 s with the auto-
matic method, and an average of 1.5 min for the specialist
radiographer and 4 min for the novice radiographer. Land-
mark detection and automatic radiological planning are
shown in Figure 6 alongside the radiographer’s manually
planned acquisitions, with matching anatomical struc-
tures in the manual and automatic acquisitions high-
lighted to demonstrate that both techniques allow the
same structures of interest to be captured comparably.
The anatomies (green squares, blue arrows) are labeled
between 1 and 10, with the corresponding dictionary at
the bottom.

F I G U R E 4 Two-step
localisation task—global
localization of the fetal head
using a fetal brain segmentation
three-dimensional UNet model,
and local localization with
extraction of the three fetal
head landmarks—eyes and
cerebellum.
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1270 NEVES SILVA et al.

F I G U R E 5 Ground-truth and predicted landmarks, generated by the nnUNet, for fetal subjects 0, 4, 7, 8, 12, and 13 of the landmark
detection test set. The distance between the center of mass of each is additionally displayed. The model outputs the eyes landmarks using a
single label, hence they are depicted with the same color (and label). This result is then processed to separate the two unconnected regions to
be used to guide the planning of the single-shot turbo spin echo scan.

In Figure 7A, a quantitative assessment of the real-time
landmark detection task applied to the prospective whole
uterus EPI scans is depicted. The landmarks were
extracted in real-time during the scan to automatically
plan the radiological brain acquisitions and were subse-
quently segmented manually by two observers M1 and M2,
where M2 is the observer that segmented the landmarks
for training the nnUNet. All landmarks but one cerebel-
lum segmentation (fetal subject 9 of Gestational age [GA]
20 weeks) were prospectively extracted during the scan.
The inability of the model to extract the landmark may
be linked to the early gestation of the fetus and the con-
sequent small size of the brain structures, as well as the
fact that early gestation fetuses are not as well represented
in the training dataset of the model, a natural bias that
is often present in fetal MRI studies. For this case, the
CoM of the brain was used instead as a landmark to allow
for the automatic planning to still be performed. For the
nine fetal subjects scanned, the differences in distances
(in mm) between the CoM of eyes and cerebellum land-
marks segmented by M1, M2, and automated (A) were
calculated. For the eyes, the difference between M1 and A
ranged between 1.3 and 21.8 mm, M2-A between 1.5 and
10.1 mm, and M1-M2 between 1.5 and 12.0 mm. As for
the cerebellum, the CoM differences in distance for M1-A

ranged between 9.4 and 41.9 mm, M2-A between 2.0 and
12.1 mm, and M1-M2 between 7.1 and 38.9 mm. While
inter-observer variability never exceeded 11.98 mm for the
eyes landmarks, the cerebellum presented much larger
variability in the segmentations produced by M1 and M2,
which can be explained by the boundaries of this anatomi-
cal structure not being as well defined as for the eyes, lead-
ing to variability in the size of the segmentation. For this
reason, using a deep learning approach helps to eliminate
observer bias, as segmentations are more standardised and
consistent.

The quantitative evaluation of the three achieved radi-
ological planes is displayed in Figures 7B,C and 8. In both
figures, the assessments performed by the radiographer
and radiologist aimed to score how close to a perfect true
brain plane each acquisition was and the clinical value
of the automatically planned images (compared with the
manually planned ones). With three radiological planes
(axial, coronal, and sagittal) acquired for each fetal sub-
ject, 27 planes were acquired in total in this work. Out
of 27 automatically planned acquisitions, 22 scans were
successfully acquired without the need for re-acquisition,
and 24 out of 27 manually planned scans similarly did
not require repeating according to the analysis performed
by a fetal radiographer. Full brain coverage was achieved
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NEVES SILVA et al. 1271

F I G U R E 6 Landmarks extracted from whole uterus coronal echo planar imaging (EPI) scans and radiographer-planned and automatic
(orientation defined from the position of the eyes and cerebellum, extracted from the EPI) radiological single-shot turbo spin echo
acquisitions. Anatomical structures of interest were highlighted (green squares, blue arrows) for manual and automatic acquisitions to
demonstrate comparable orientation planning.
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F I G U R E 7 Quantitative evaluation of the 27 prospectively acquired single-shot turbo spin echo (ssTSE) datasets. (A) Landmark
assessment: Difference in mm between the manual segmentations performed by two observers (M1 and M2) and the automatic method (A)
for the eyes and the cerebellum. (B) Radiographer assessment: Image quality for all 27 acquisitions for the manual and automatic
acquisitions. (C) Radiologist assessment: Image quality for all 27 acquisitions for the manual and automatic acquisitions.

in all radiological planes for all manual and automatic
scans, thus the need for re-acquisition resided in large tilts
present in the orientation of the brain, with asymmetries
visible between the two brain hemispheres and anatomical
structures of interest present in both.

In 27 manually planned scans, six scans displayed
slight asymmetry with small rotations of the anatomy
that would not affect the clinical value of the images
and thus did not require re-acquisition (four coronal
planes and two axial). Severe asymmetry was observed
in three acquisitions (two axial planes and one sagit-
tal) with re-acquisition needed. The remaining 18 acqui-
sitions showed a complete symmetry of the two brain
hemispheres. Regarding the automatic planning method,
full symmetry of the brain hemispheres and neurologi-
cal structures was achieved in 17 automatic acquisitions,
demonstrating the ability of the method to plan true brain
planes accurately. Generating the automatic acquisition
plane took, on average, 5 s, and the radiological acquisi-
tions were acquired in less than one minute each. Asym-
metry was observed in 10 cases, although at different
degrees: five scans showed larger asymmetry with severe
tilts (three axial planes, one coronal, and one sagittal), and
five showed smaller tilts causing slight asymmetry which
would not affect the clinical value of acquisitions and
therefore would not require re-acquisition (two coronal
planes, two sagittal, and one axial). Figure 7B illustrates
the radiographer assessments. In summary, a quality score
of 81.5% (2.4/3) was achieved by the automatic planning
method and 85.2% (2.6/3) for manual planning. Further
details of the planning quality assessment can be found
in Appendix S1.

The clinical value and image quality were addition-
ally evaluated by a fetal radiologist. With a maximum
score of 14 measurements per fetal subject, the number
of measurements successfully performed in the manually

planned acquisitions was: 14, 10, 7, 6 (two subjects),
five (two subjects, 1 of GA 20 weeks), two, and one.
Artifacts were also visible in three coronal acquisitions,
which may have affected the ability to perform measure-
ments. Using the automatic planning method, the number
of measurements performed was: 12, 11 (two subjects),
seven (one plane showing artifacts), five (two subjects),
four (fetal subject of GA 20 weeks), three, and zero (one
plane showing distortion). An average of 2.07/5 measure-
ments were successfully performed by a radiologist for
the manual acquisitions, and 2.14/5 for the automatic
acquisitions.

The measurements with the highest scores across
all fetal subjects and all orientations were the cavum
septum pellucidum and the ventricle, in the coronal
orientation, with scores of manual 8/9 and automatic
6/9 subjects for both measurements. The corpus callo-
sum (manual 1/9, automatic 0/9 subjects) and pons AP
diameter (manual 1/9, automatic 2/9 subjects), both in
sagittal orientation, showed the lowest scores. For both
sagittal and coronal orientations, radiographer-planned
acquisitions scored slightly higher than the automated
ones (by 2.2% and 5.0%, respectively); however, the
automatically planned axial orientation was superior to
the manual planning by 11.1%. Overall, the automatic
method for planning the acquisitions was 1.6% higher
than the manual planning approach, according to the
image quality quantitative assessment performed by a
radiologist.

As illustrated in Figure 7C, out of 27 manual scans five
measurements were performed in two scans, four mea-
surements in four scans, three in four scans, two in five
scans, one in three scans, and one dataset severely affected
by motion, resulting in eight scans without immediate
clinical value (unless tools for rotating the brain anatomy
are utilized). This motion corruption of the ssTSE scans
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F I G U R E 8 Quantitative assessment of the planning quality (A,B) and image quality (C,D) illustrated for all three planes (coronal,
axial, and sagittal) against GA (A, C) and maternal body mass index (B, D). The plotted values correspond to the difference between the
manual and automatic planning quality (for A,B) and image quality (for C,D) scores: positive values indicate, for the same plane, greater
quality of the manual orientation, negative values indicate a greater quality of the automated acquisitions and 0 for the cases where both
manual and automated acquisitions showed matched quality.

during the automatic planning task refers to the instances
where the fetus was actively moving during the image
acquisition, resulting in signal dropouts in the brain region
in many of the slices and causing the images to not hold
diagnostic value unless volumetric reconstruction is per-
formed. Regarding the automatically planned scans, five
measurements were performed in four scans, four mea-
surements in six scans, three in five scans, and two in
two scans. One dataset was similarly corrupted by motion,
resulting in nine scans without immediate clinical value.

Figure 8 depicts planning quality, assessed by a radio-
grapher, and image quality, assessed by a radiologist,
according to gestational age (GA at scan) and maternal
body mass index.

4 DISCUSSION AND
CONCLUSION

In this study, a fully automated framework for planning
all three radiological fetal brain planes was demonstrated
in low-field MRI scans. The method presented uses a
whole-uterus coronal multi-echo EPI sequence, acquired
and employed for T2* relaxometry, to serve the addi-
tional purpose of fetal head landmark detection. The
brain and key landmarks are automatically extracted and
handed to the subsequent ssTSE acquisition to plan fetal
brain-oriented acquisitions in under 5 s. This automatic
planning of fetal MRI scans, shown here as compara-
ble to the manual planning for clinical reporting, reduces
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dependence on specialist staff and increases time effi-
ciency and thus carries the potential to significantly widen
accessibility to fetal MRI beyond specialist centers.

In line with recent work,22 the eyes were success-
fully used as landmarks and were crucial for calculating
the orientation of the fetal brain, however, the detec-
tion shown here did not include further pose estimation
or image processing steps. While recent work employing
AI to detect landmarks and organs on the MR acquisi-
tions focused on 1.5T and 3T,14,18,20,22,23,27 the present work
was performed on low field fetal MRI at 0.55T, providing
increasing challenges regarding SNR and resolution, but
allowing to take key steps toward wider accessibility of
fetal MRI.

The retrospective evaluation of the network that
extracts the head landmarks (eyes and cerebellum)
resulted in an average distance between the CoM of the
manually segmented and automatically extracted eyes of
4.2 mm, which corresponds to 1.3 voxels, and 6.5 mm for
the cerebellum, corresponding to 2.1 voxels, thus it is suffi-
ciently robust for the calculation of the radiological planes.
Fetal subjects 8 and 13 of the test set showed the largest
distances (mm) between the CoM of manual and auto-
matic landmark masks, however, Figure 5 demonstrates
how even at such large distances (9.4 and 16.8 mm for eyes
and cerebellum of Fetus 13) the predictions are still highly
comparable to the gold standard segmentations and extract
the key landmarks accurately enough for the orientation
calculations of the ssTSE scans. According to the quanti-
tative and qualitative assessments of the calculation of the
radiological brain planes, the automatically planned scans
achieved comparable image quality to the scans manually
planned by an experienced fetal radiographer. Regarding
the fetal brain localization task, which uses a network
trained on 1.5T/3T data and applied to 0.55T acquisitions,
it is only required for cropping the whole-uterus images
to the fetal head. Therefore, the brain segmentations do
not require high precision and accuracy but only need to
offer sufficient information for the first-step localization,
which was demonstrated in all retrospective and prospec-
tive cases.

Major strengths of the current study are the complete
and robust real-time deployment. The two-step approach
presented here for landmark detection: first the identi-
fication of the brain with a 3D UNet followed by the
landmark detection using nnUNet and the hierarchi-
cal application of landmarks in cases where individual
landmarks are not identified—for example, replacing the
cerebellum by the center of the brain for the sagittal
prescription—contributes to robustness even in younger
fetuses. Furthermore, the developed method was built
using open-source frameworks, facilitating straightfor-
ward translation and dissemination.

There are, however, limitations with the current study.
First, the present study is a single-center study. The train-
ing data and retrospectively assessed test data are small, as
well as the number of prospective cases, which currently
does not allow a more robust evaluation of the method in
a larger cohort. This is often the case in fetal MRI as such
a modality is not yet widely available worldwide and data
sharing policies between institutions and studies are often
restrictive. The framework may need to be further refined
to perform robustly in wider populations and across differ-
ent scanners/field strengths. Future work will hence inves-
tigate further developments to ensure the robustness of the
automatic planning framework in this wider context. EPI
images are reconstructed using standard Fourier recon-
struction computed with off-the-shelf Gadgets (without
image filtering or AI-based image enhancement provided
by the scanner reconstruction pipeline) resulting in lim-
ited SNR, which may hinder the performance of the land-
mark detection. This will be addressed by further improv-
ing the real-time reconstruction pipeline, by including
image filtering or AI-based image enhancement to achieve
increased SNR in the EPI images. Fetal MRI at higher field
will suffer less from this limitation. Although dice sim-
ilarity coefficient and intersection-over-union were used
to evaluate the performance of the fetal brain localization
network, these metrics present limitations, especially in
the presence of outliers and imbalanced data. Failure met-
rics, such as the (weighted) sum of false positives and false
negatives are often recommended as these can provide a
more comprehensive performance evaluation by focusing
on directly measuring the segmentation errors. Figure 7A
depicts how the cerebellum, as a region in the fetal brain
with very low contrast and not well-defined boundaries,
especially in EPI acquisitions, can lead to high segmenta-
tion inter-observer variability. The manual segmentations
used for training the landmarks network were produced
by observer M2, hence the network demonstrated a bias
toward such cerebellar masks. In this case, the use of
a network can help stabilize the segmentation task—by
integrating segmentations from multiple observers dur-
ing the network training, observer variability, and bias
can be reduced and the model can produce standardized
segmentations based on this training information. Next,
this framework is based on a whole-uterus multi-echo EPI
sequence, not requiring any planning and fitting to the
standard patient examination as current practice for all
fetal MRI scans in our institution. However, the reduced
resolution of this EPI sequence (3 mm isotropic) compared
to the ssTSE sequence (1.25 mm in-plane) might influ-
ence the achieved precision regarding landmark detection.
The network and achieved complete automatic planning
can, however, be extended to whole uterus ssTSE localiser
scans in the future. Furthermore, while the landmarks
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were chosen as independently as possible from brain struc-
tures involved in common pathologies such as the ven-
tricles and the corpus callosum—and in line with recent
work22—the automatic planning in fetuses with develop-
mental abnormalities in the location of the lower edge of
the cerebellum or the orbits of the eyes might involve the
need for additional manual adjustment. Finally, adding a
fourth landmark in the back of the skull might be helpful
to further stabilize the planning of the acquisition in the
axial orientation.

Future work toward an automatic fetal brain MR exam-
ination will furthermore include the real-time deployment
of automatic quality control,14 subregional segmentation10

and automatic biometry.28

To conclude, this study shows the feasibility of rapid
deep learning-based automatic planning of anatomical
radiological fetal brain scans and presents an open-source
framework open for further extensions and improve-
ments. The clear next application is fetal cardiac land-
mark detection for automatic planning of phase con-
trast sequences acquired to study the flow in the major
arteries.
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