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Abstract

Magnetic resonance imaging (MRI) has become an essential diagnostic modality for congenital disorders of the
central nervous system. Recent advancements have transformed foetal MRI into a clinically feasible tool, and in an
effort to find predictors of clinical outcomes in spinal dysraphism, foetal MRI began to unveil its potential. The
purpose of our review is to introduce MRI techniques to experts with diverse backgrounds, who are involved in the
management of spina bifida. We introduce advanced foetal MRI postprocessing potentially improving the
diagnostic work-up. Importantly, we discuss how postprocessing can lead to a more efficient utilisation of foetal or
neonatal MRI data to depict relevant anatomical characteristics. We provide a critical perspective on how structural,
diffusion and metabolic MRI are utilised in an endeavour to shed light on the correlates of impaired development.
We found that the literature is consistent about the value of MRI in providing morphological cues about
hydrocephalus development, hindbrain herniation or outcomes related to shunting and motor functioning. MR
techniques, such as foetal diffusion MRI or diffusion tractography, are still far from clinical use; however, postnatal
studies using these methods revealed findings that may reflect early neural correlates of upstream neuronal
damage in spinal dysraphism.
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Key points Background
Open spinal dysraphism, also termed spina bifida aperta,
e Magnetic resonance imaging provides morphological ~ or myelomeningocele (cystic variant) or myeloschisis

cues about hydrocephalus development, hindbrain (noncystic variant), is one of the most complex and dev-
herniation or outcomes related to shunting and astating nonlethal congenital malformations. Structur-
motor functioning. ally, it is characterised by a posteriorly open spine, an
e Advanced image processing, such as super- open dura mater fused with the dermis of the surround-
resolution reconstruction, enables a better depiction  ing skin, an open pia mater fused with the epidermis of
of anatomy in spina bifida. the adjacent skin, and a non-neurulated spinal cord res-

o Diffusion tensor imaging may provide early markers  iding on top of the pia mater, directly facing the amni-
of upstream neuronal damage; however, the method  otic cavity and fluid [1].

is still in its infancy prenatally. Pathogenetically, the above anatomical configuration

sets the stage for deleterious effects. According to the so

called “two hit pathogenesis”, the process leading to the
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openly exposed spinal cord tissue, particularly during
the third trimester of pregnancy. Here, a combination
of traumatic, mechanical, chemical, toxic, and degen-
erative factors finally destroys the cord tissue and
cause massive functional loss [2-6]. Clinically, open
spina bifida is typically associated with a core cluster
of cerebral, visceral, and peripheral neural pathologies.
Most patients suffer from hydrocephalus that requires
an operative treatment (ventriculoperitoneal shunt or
third ventriculostomy) [7, 8]. Almost all patients ex-
hibit both severe neuropathic bladder and rectum
with vexing incontinence for urine and stool, as well
as, later in life, sexual dysfunction. Finally, most indi-
viduals demonstrating the classical lumbosacral lesion
experience paraparesis or paraplegia with serious
problems regarding independent ambulation, and
many are confined to the wheelchair for life.

Therapeutically, there is a large and compelling body
of experimental and clinical evidence for the efficiency
of foetal surgery for open spina bifida [9]. After the
Management Of Myelomeningocele Study (MOMS
Trial, 2011) produced clear cut data that prenatal sur-
gery produces significantly better outcomes than postna-
tal care [10]. Since this study, a report found that short-
term outcomes after pre- and postnatal correction might
be equivalent [11]. Nevertheless, in utero operative treat-
ment became a novel standard of care for select foetuses
with spina bifida [5, 12—15]. There is a certain evidence
suggesting that open foetal surgery and foetoscopic spina
bifida repair might result in similar short-term benefits
for the newborn, while maternal obstetric outcomes ap-
pear to be better after the foetoscopic intervention [16].

While a preoperative maternal-foetal magnetic reson-
ance imaging (MRI) investigation is considered an ob-
ligatory clinical standard before eventual foetal surgery,
this technology harbours other attractive options to cast
light on both structural and functional features of one of
the most complex cerebrospinal malformations. Prenatal
imaging has become a part of surgical planning for the
depiction of the spine defect as well as associated brain
abnormalities, such as Chiari-II or callosal malforma-
tions [17-19]. Findings in one of the earliest reports of
its kind concluded that prenatal MRI is effective to con-
firm the lumbosacral skin defect in open spinal dysraph-
ism [20]. Three decades later, technical advancements
enabled a widespread use of MRI and made foetal MRI
the second-line imaging modality for neural tube defects
after ultrasonography [21-24]. An important step was
the possibility to shorten imaging time by new sequences
[25-27]. There is growing evidence for the efficiency
and clinical benefit of foetal surgery in spina bifida [5, 6,
13, 14], subsequently leading to an increasing demand
for prenatal imaging for pre-surgical assessment and
postsurgical longitudinal follow-up.
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The main purpose of our review was to make emer-
ging and experimental MRI acquisition and processing
techniques, which might not yet have been implemented
in the widespread clinical practice, known to experts
from diverse clinical subspecialties. We aimed to provide
a critical perspective on how diagnostic and follow-up
imaging in spinal dysraphism can be improved by emer-
ging MRI acquisition, image reconstruction and quantifi-
cation methods. Firstly, we reviewed studies that used
morphological MRI biomarkers to characterise structural
and functional neurodevelopment in spinal dysraphism
and attempted to make predictions of how such insights
could be utilised in prenatal diagnostic imaging. Sec-
ondly, we focused on advanced techniques to improve
the anatomical resolution and utility of foetal MRI for
image quantification. Third, we performed a search for
articles that adapted MRI sequences to the in utero set-
ting in order to quantify foetal physiology. One of the
most promising and widely used MRI modality for this
purpose is diffusion-weighted foetal MRI, which probes
the structure of extracellular fluid spaces and depicts
major neuronal bundles. In all parts of this review, case
reports have been excluded from the literature search
results.

Established structural MRl biomarkers in open
spinal dysraphism

Prenatal ultrasonography (US) alone yields high diagnos-
tic accuracy in all forms of spinal dysraphism [28], yet
MRI has the advantage of delivering additional anatom-
ical as well as physiological information, such as tissue
microstructure or organ function, particularly for the
brain.

Foetal MRI requires no maternal or foetal sedation
and can be performed within the time limits of a typical
clinical imaging session. The total scan time varies be-
tween 45 and 60 min [25, 29, 30]. In combination with
anatomical measurements from US, standard care MRI
(fast, single shot sequences) can deliver useful predictors
of outcome in spina bifida.

In an ongoing effort to find hydrocephalus predictors
after prenatal repair of spina bifida, quantitative mea-
surements were identified which are simple to perform
on US or MRL In one of the earliest works, Bruner et al.
found that in foetuses who underwent prenatal surgery,
ventricular size at the time of surgery and high defects
were predictors for the need for ventriculoperitoneal
shunting (VPs) for hydrocephalus during the first year of
life [31]. An important study analysing randomised
groups from the MOMS trial found a clear relationship
between ventricle size and VPs requirement in both the
pre- and postnatally operated cases [7]. This study did
not find a correlation between the lesion level and even-
tual need for shunting. There is consensus on the
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predictive power of ventricular width, size and morph-
ology, measured by either US or MRI [8, 32, 33].

In 16 subjects undergoing prenatal repair, Zarutskie
et al. [24] found that the most important predictor of
the need for postnatal hydrocephalus treatment was per-
sistent hindbrain herniation on postoperatively acquired
MRI. Further significant MRI predictors included ven-
tricular volume, ventricular volume growth and hind-
brain herniation, all exceeding the predictive power of
US-based measurements. In a more recent study, the re-
versibility of the hindbrain herniation was found to be
an important predictor of a reduced chance of VPs re-
quirement [34]. Morphological cues measured on MRI,
such as hindbrain configuration and lateral ventricle size,
were found to be different between myeloschisis and
myelomeningocele [35]. MRI also depicts essential fea-
tures of the lesion configuration, such as the presence
and size of a sac in open spinal dysraphism, which is as-
sociated with a more common occurrence of talipes
[36].

As MRI is readily applicable in the clinical practice to
assess the presence and degree of the hindbrain hernia-
tion [37, 38], this modality has an emerging importance
in finding novel markers of VPs requirement or in asses-
sing neurological outcomes in spinal dysraphism. Never-
theless, 30-month neurodevelopmental outcomes
including motor functioning were not significantly cor-
related with prenatal ventricle size or VPs placement,
and the absence of a sac over the lesion was the only
MRI-derived parameter that was associated with walking
independently [39]. Interestingly, a study found that the
degree of cerebellar herniation on foetal MRI was signifi-
cantly associated in seizure activity and high-risk bladder
dysfunction in children with spina bifida [40]. Finding
reliable imaging-based correlates of infant mental and
motor outcomes remains a timely endeavour.

Techniques improving the anatomical resolution
and utility of foetal MRI

In the clinical practice, MRI is still limited to two-
dimensional (2D) measurements. Movement artefacts
often hinder the evaluation of foetal MRI, and it offers
relatively poor contrast for skeletal structures. In this
section, we reviewed methods that aimed to overcome
these limitations. As pointed out by a study describing
the inter-observer variability of essential MRI features of
Chiari-II malformations, some measurements are unreli-
able and depend on the selection of a specific imaging
plane, which is often challenging due to foetal move-
ments [41]. More specifically, brainstem measurements
were reported to be particularly unreliable in foetuses
with open spina dysraphism [22]. 3D acquisition and
consequent multi-plane reconstruction would theoretic-
ally solve this problem, if it was not for the foetal motion
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present, inducing imaging artefacts. The foetus is not se-
dated during the MRI; therefore, motion cannot be con-
trolled. In order to combat motion artefacts, acquisition
is done using fast MRI sequences such as the single shot
fast spin-echo T2-weighted sequence, which acquires
several 2D slices over a three-dimensional (3D) space.
However, since foetal motion is present between the
slice acquisitions, there is a distortion in the anatomy of
the foetus within the image stack. In order to correct
inter-slice motion and to obtain higher resolution im-
ages, super-resolution (SR) techniques are used. Many
groups have been working on various SR techniques. In
Slice to Volume Registration (SVR), multiple orthogonal
low resolution (LR) image stacks are acquired, and mo-
tion is in part tackled by combining these multiple 2D
stacks with overlapping information into a single high
resolution (HR) 3D volume of the region of interest in
the foetus. Various implementations of the SVR tech-
nique have been created using slice intersection motion
correction [42], which directly co-aligns multiple slice
stacks by matching the structures along all intersecting
slice pairs in all orthogonal slices acquired [43], incorp-
orating knowledge of the slice acquisition model based
on a robust estimation [44]. Intensity matching and out-
lier removal have also been used [45-47]. The most
common application of foetal imaging using SVR is the
brain, as this method can most effectively be used for
correcting motion of rigid structures, such as the brain.
SR techniques allow fine structures within the brain to
be imaged, and result in an overall increase in the signal
to noise ratio [42]. In addition, while orthogonal planes
need to be acquired, the imaging orientations do not
need to be perfectly ‘in-plane’, thereby reducing the
planning time during the acquisition. Preliminary use of
these SR techniques has shown promise in quantifying
various aspects of the foetal brain such as cortical fold-
ing patterns, volumetric and morphometric analyses for
pathologies such as ventriculomegaly, and cortical plate
and subplate volume growth analysis during foetal devel-
opment [48-50]. We demonstrate the SR techniques in
a normally developing foetus and a foetus with spinal
dysraphism undergoing foetal surgery in Fig. 1.

For reconstruction of the foetal spine, internal organs
and placenta, the SVR methods mentioned above cannot
resolve the issue of difficult registrations due to non-
rigid motion, resulting in degradation of image quality
within the reconstructed volume. Therefore, a method
was developed that uses non-rigid image registration
and SVR (deformable SVR) which shows great promise
for reconstruction high resolution images of the spine
and surrounding organs in spina bifida [51]. Patch-to-
volume reconstruction is also able to reconstruct a large
field of view of non-rigidly deforming structures, using a
parallelised patchwork optimisation (patch to volume
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Fig. 1 Super-resolution (SR) reconstruction of foetal MRI. For each case (normal development, pre-operative, and post-operative images of spina
bifida foetus undergoing foetal surgery and myeloschisis), we demonstrate the super-resolution T2-weighted MRI (left images) and two surface
reconstructions that were based on the segmentation of the reconstructed image (right images)
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reconstruction is used instead of SVR), SR, and auto-
matic outlier rejection. Robust statistics are used to
identify mis-registered or heavily corrupted data [52].
These HR volumes can facilitate early diagnosis of vari-
ous congenital diseases and also allow for quantitative
investigation of foetal development in vivo in spinal dys-
raphism [53].

Improvements in both hardware and software methods
are required to overcome the movement artefacts
present while imaging an unpredictably moving foetus
or newborn. Since foetal structural MRI data in the set-
ting is typically acquired using 2D sequences with repeti-
tion time in a range of seconds, spurious foetal
movement affects only those slices that were acquired at
the time the foetus moves, and some of the data remains
usable for image analysis. As presented previously in our
review, many slice-to-volume methods are feasible for
tackling subject motion while at the same time improv-
ing the off-plane spatial resolution. In spina bifida im-
aging, foetal MRI is greatly limited by the lower spatial
resolution for the assessment of the level of the lesion
and to depict the myelon. Recent works demonstrated
that isotropic reconstructions of the entire foetal body
including the spine are possible [51], which could be
used to tackle this problem. Faster image acquisition
would also improve the clinical utility of foetal MRI, for
example, by using compressed sensing technique [54].

Higher field strength, such as 3.0 T, potentially im-
proves spatial resolution and increases the signal-to-
noise ratio with proper sequence adaptation. Therefore,
it has clinical potential for prenatal imaging in spina
bifida [55]. The detection of skeletal structures is also
limited in T2-weighted foetal MRI. A possible way to
overcome this is to use T2*-based and modified volu-
metric interpolated breath-hold examination (VIBE) se-
quences, which were reported to be a potential
alternative to US or CT imaging in detecting foetal dys-
plasia [56, 57]. More recently, foetal “black bone” MRI
by means of susceptibility-weighted imaging (SWI) has
been demonstrated to be a viable technique for evalu-
ation of foetal spinal pathologies. Unlike conventional
MRI sequences, SW1I depicts the developing skeletal tis-
sues with sufficient contrast [58] and, as suggested by
the Robinson et al., would be useful for the prenatal as-
sessment of skeletal defects. Figure 1 illustrates how
whole-body HR volumes could be used for reconstruct-
ing the foetal myelon as well as other organs.

Diffusion MRI

In the last three decades, diffusion magnetic resonance
imaging (dMRI), an umbrella term for diffusion-
weighted imaging (DWI) and diffusion tensor imaging
(DTI), has been successfully used to characterise tissue
microstructure and white matter anatomy [59]. This
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method is based on the sensitisation of the image to
microscopic-scale diffusion-driven molecular motion.
dMRI is increasingly used prenatally [60—64]. Its clinical
utility in spinal dysraphism remains less established
since there are only a few studies using it prenatally.

A potential application of dMRI prenatally is to charac-
terise white matter development and upstream neuronal
damage in spinal dysraphism. The neurodevelopmental
sequelae in spinal dysraphism may in part stem from
in utero injury to the developing white matter, which
would lead to measurable changes in the diffusion proper-
ties of the cerebral tissue. Shrot and Soares [65] used
foetal cerebral dMRI to quantify the apparent diffusion co-
efficient (ADC) in a cohort of open spina bifida cases.
They found that the frontal and temporal lobes had lower
ADC values in spina bifida cases than controls, indicating
previously unknown microstructural changes in the supra-
tentorial brain parenchyma. High spinal dysraphism
(higher than L4 level) was associated with increased severity
of ventriculomegaly, but no specific differences in diffusion
properties were associated with the level of the spinal le-
sions [65]. The cerebellar ADC of foetuses with Chiari-II
malformation was higher [66], indicating disrupted mem-
brane integrity and altered neuronal tissue composition.

Fractional anisotropy, which is a DTI-derived measure of
axonal density and myelin integrity, was found to be
elevated in the midbrain of foetuses with Chiari II malfor-
mations and spina bifida, but not in foetuses with hydro-
cephalus and mild ventriculomegaly without Chiari IT and
no spina bifida [67]. It has been suggested that the accom-
panying Chiari-II malformation (present in almost all open
spina bifida cases) leads to hydrodynamic changes, such as
blockage of cerebrospinal fluid (CSF) drainage, which
causes microstructural and tissue diffusivity changes. These
hydrodynamic forces likely impact the water compartment
in the cerebral white matter, leading to abnormalities in
dMRI, which could potentially be used to monitor or
predict hydrocephalus development [68, 69].

While foetal DTI revealed white matter diffusion
abnormalities linked to spina bifida, it remains un-
clear whether these changes are persistent in later
life and whether they are affected by surgical inter-
vention or the anaesthesia. Studies in children and
adults with spina bifida can help elucidate the conse-
quences of the spinal abnormality on long-term neu-
rodevelopment. Postnatal MRI revealed that patients
undergoing foetal repair show white matter abnor-
malities when compared to controls [70]. Sanz Cor-
tes et al. [71] investigated how tissue microstructure,
measured using diffusion MRI, is affected by the pre-
natal operation technique. They found no significant
differences in ADC values in any of the brain areas
measured between the open-repair and foetoscopic-
repair groups.
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Postnatal findings in spina bifida point to the presence
of additional white matter abnormalities that are not ne-
cessarily the consequence of altered hydrodynamic
forces, but rather a result of upstream neuronal damage
[72]. The supratentorial white matter is likely affected by
the additive effect of CSF blockage and an upstream
neuronal injury, leading to widespread microstructural
abnormalities [73, 74]. dMRI studies indicate that deep
grey matter structures and almost all major white matter
pathways appear to be affected in spina bifida [75-77].
The abnormal findings in cerebral white matter and
deep grey matter represent a possible microstructural
basis for neuropsychological abnormalities in numerous
studies, and open a window on using dMRI to predict
later life cognitive development in spina bifida [76-79].

However, no robust data are available about the cor-
relation of the prenatal diffusion anomalies and postna-
tal white matter alteration, and possible links to
neurodevelopmental outcomes are yet to be investigated.

Tractography is an image processing technique that
extends the application of dMRI by enabling the recon-
struction of major white matter pathways [59] (Fig. 2a).
It remains to be established if aberrant neuronal path-
ways can be detected in spinal dysraphism prenatally
using tractography. A potential application of dMRI and
tractography in spinal dysraphism is to characterise the
microstructural properties of the spinal abnormality, in-
cluding the spinal cord and its distal peripheral nerves,
namely the pelvic nervous network (Fig. 2 (b—e)). The
use of dMRI for the paediatric spine and pelvic nervous
network is challenging and only a few studies have
attempted to use dMRI in spinal dysraphism. Some of
the reported paediatric cases are spina bifida patients
with sacral nerve roots agenesis [80]. The authors report
similar fractional anisotropy (FA) values in spina bifida
patients as in controls, while mean, axial and radial dif-
fusivity values at S1-S3 were significantly lower in
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patients with spinal dysraphism. Tractographic recon-
struction of the sacral plexus was successful and revealed
that the plexus in patients with spinal dysraphism is
asymmetrical and disorganised compared to healthy
controls.

There is a scarcity of studies that have explored the
feasibility of tractography of the pelvis nervous network.
The sacral plexus from L4 to S4 has been explored in a
group of children with spinal dysraphism and in a group
of healthy adult volunteer by [81]. They reported no dif-
ferences between left and right sides across the subjects
in terms of FA and mean diffusivity (MD) values and
failed to reliably track S4 roots. To our knowledge, there
is no prenatal tractography study on foetuses presenting
spinal dysraphism. Prenatal dMRI studies on the periph-
eral nervous system raise even more challenges related
to imaging artefacts because of the small calibre of per-
ipheral nerves showing low levels of FA [82].

Unfortunately, echo-planar sequences, such as those
used during dMRI/DTI, are increasingly sensitive for pa-
tient motion. They are also more prone to susceptibility
artefacts, which are common near the air pockets in the
bowels or near pelvic skeletal structures. This makes the
quantification of diffusion anisotropy values or tracto-
graphy very challenging. Recent efforts aimed to tackle
this problem and used advanced reconstruction methods
for scattered DTI data [83—85] or higher order spherical
harmonics-based modelling [86, 87], which led to higher
anatomical precision for the visualisation of white matter
pathways in the foetal brain.

"H-MRS

"H-MR spectroscopy (MRS) is a commonly used tool to
study the metabolite concentrations of tissues in vivo.
For spinal dysraphism, this method has an emerging po-
tential as metabolic profiling of the amniotic fluid may
reflect foetal maturation. During the pathogenesis of

region. e Diffusion tractography of the myelon

Fig. 2 Diffusion tensor imaging in spinal dysraphism. a Diffusion tractography of a foetus with spinal dysraphism, 26th week of gestation. The
fibre tracts (colour representing spatial orientation) have been overlaid on a coronal plane, T2-weighted MR image. b Sagittal T2-weighted MRI of
a newborn with spina bifida, corrected prenatally, showing signs of tethered cord. ¢ Sagittal fractional anisotropy image of the same myelon
cross-section, demonstrating increased anisotropy in the region of the tethering. d Diffusion tensor principal vector orientations in the same
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