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Abstract

The management of myelomeningocele study trial showed significant prognostic improvement in fetal repair before 26 weeks
of gestation. Hence, surgery in utero represents the best treatment option for open-neural tube defects (NTDs). Fetal surgery of
open-NTDs has specific inclusion and exclusion criteria, which can be adequately studied with fetal MRI. The main concern:
the spine (spinal defects other than Myelomeningocele and Myeloschisis, the level of the lesion higher than T1 or lower than
S1 and the degree of kyphosis >30°), the skull/brain (no cerebellum herniation and Chiari IT malformation and the pres-
ence of any intracranial abnormality unrelated to open NTDs), the uterus (cervix length less than 2 cm, multiple gestations
and placental and uterine abnormalities) and any other fetal abnormality not attributed to spinal defect. In this review, we
describe the fundamental role of fetal MRI in supporting therapeutic decisions in pre-surgery intrauterine planning through
the accurate and comprehensive description of findings, providing a proposal of a structured report. In addition, we describe
how post-surgical MRI is important in investigating the effectiveness of surgery and detecting repairing complications.
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Introduction
Myelomeningocele (MMC)

Myelomeningocele (MMC) represents the most frequent
neural tube defects (NTDs), affecting nearly 1500 newborns
in the USA annually and 0.2-6.5 newborns from every 1000
births globally [1-4], despite considerable advances having
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been made in disease prevention by periconceptional folic
acid supplementation.

The open-NTDs, which result from failure of primary
neurulation [5], are characterised by protrusion of the
meninges and spinal cord through a midline fusion defect
of the caudal neural tube, without an intact skin lining, form-
ing either a sac containing cerebrospinal fluid (MMC) or a
flat lesion (Myeloschisis or Myeloceles) with malformed and
dysplastic neural tissue in the middle. Most MMCs occur in
the lumbar region, though they can occur anywhere along
the spine. They are described as “segmental” when the spi-
nal cord continues distally beyond the dysraphism level and
as “terminal” when the placode occurs at the end of the
spinal cord [6].

Depending on the lesion level, individuals born with
MMC have variable degrees of lower-extremity paraple-
gia, skeletal deformities, bowel and bladder incontinence,
hindbrain herniation, hydrocephalus, and neurocognitive
impairments [7].

It is hypothesised that cerebrospinal fluid (CSF) leakage
can cause intracranial hypotension and result in a Chiari
malformation Type II [8], present in almost every fetus with
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MMC. In most cases, it is characterised by a small posterior
cranial fossa with a hindbrain herniation (HBH).

The HBH seen in this malformation is caused by a down-
ward displacement of the cerebellum below the level of the
foramen magnum and may result in a compressed brainstem
and obstructed fourth ventricle. This last can slow down the
flow of the CSF until it is blocked and result in hydrocepha-
lus [8-10].

“Two-hit hypothesis” and surgery techniques

The management of myelomeningocele study (MOMS) Trial
proved that fetal surgery performed before 26 weeks of ges-
tation significantly improved the prognosis [11]. In-utero
repair surgery is the best treatment option for open-NTDs.

However, its application is limited to a few specialised
centres, mainly in high-income countries.

The incomplete closure of the neural tube and the subse-
quent agenesia of the overlying neural arches and skin leave
the neural placode exposed to mechanical trauma from the
uterine wall and chemical trauma from the amniotic fluid.
This damage represents the second step of the “two-hit
hypothesis” [12]: it assumes that the functionally normal but
dysraphic exposed (first “hit”) spinal cord is progressively
damaged during intrauterine life by trauma and toxic effect
of the amniotic fluid (second “hit”). A significant neuronal
loss has already been demonstrated before 16 weeks of ges-
tational age; the injury extends cranially with a significant
functional reduction in motor neurons of the adjacent cord
above the defect, which worsens at a rate of 16% per week
of gestational age [13].

The improved outcomes resulting from intrauterine repair
confirm that spinal cord injury is progressive during preg-
nancy [13]. Prenatal in-utero surgical closure of MMC aims
to protect the neural placode from the intrauterine environ-
ment and stop CSF leakage, and, as the MOMS trial showed,
it reduces hindbrain herniation, hydrocephalus and improves
motor outcomes at 30 months [14] (in particular, this last
aspect is assumed to derive from the prevention of the cra-
nial extension of damage [13]).

Different approaches are possible for uterine MMC
repair: open, fetoscopic, and hybrid. As regards the compari-
son between fetoscopic repair and open fetal surgery, some
independent studies and metanalyses have described a lower
risk of uterine dehiscence, premature rupture of membranes,
placental abruption and chorioamnionitis and improved rates
of mortality, prematurity, shunt placement and motor and
mental development in fetoscopic repair[15-23].

However, not enough data are available to determine the
best surgical approach and the choice of technique should
also be considered in the cost-effectiveness analysis, that
in a recent study demonstrated that the fetoscopic approach
for MMC repair was cost-effective compared with the open
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approach: despite the procedure itself has a higher cost,
there are improved long-term outcomes from the maternal
and neonatal perspective[24].

Diagnosis and studies for surgery

Prenatal diagnosis of spina bifida is usually made by meas-
urement of alpha fetal protein (AFP) in the maternal serum
at 16 weeks of gestation or by ultrasound of the fetus at
18-24 weeks of pregnancy through the identification of
direct (bone defect and sac protrusion) and indirect signs
(smaller biparietal diameter, “lemon sign”, ventriculo-
megaly, obliteration of the cisterna magna and cerebellar
abnormalities, like the downward displacement through
the foramen magnum, small cerebellum or anterior con-
cave shape—‘“banana sign”-) [25]. In addition, there is
recent evidence of possible diagnostic anticipation by
ultrasound at 11-14 weeks of gestation, mainly by indirect
signs detection (abnormalities of the posterior fossa such
as reduced or absent intracranial translucency [25, 26] or
cisterna magna [27] or an abnormal relationship between
the brainstem and the distance between the brainstem and
the occipital—‘“crash sign”- [28]).

In case of suspicion of open-NTDs in the fetal period, it
is necessary to complete the diagnostic process to achieve
a confident diagnosis. Identifying the inclusion and exclu-
sion criteria for fetal surgery is also required to obtain the
most appropriate perinatal management.

The following steps in the workup and selection of can-
didates for fetal surgery are:

e Amniocentesis: for studying AFP and acetylcholinest-
erase in amniotic fluid to confirm open-NTDs and for
genetic study to detect chromosomal abnormalities and
other known genetic alterations. The inclusion criteria
of all fetal surgery programs mention at least a standard
karyotyping or quantitative fluorescence polymerase
chain reaction (QF-PCR); some centres also request a
standard microarray analysis [29].

e Imaging studies: partly carried out through morphology
ultrasound which can determine the anatomical (the
highest level of the bone defect) and functional (assess-
ment of hip, knee and ankle/foot mobility [30]) level,
the associated malformation, the presence of kyphosis
or ventriculomegaly and the cervix length. A fetal MRI
study is required in all candidates for fetal surgery to
have an accurate and comprehensive study of NTDs
and other imaging criteria for fetal surgery. Further-
more, MRI may provide crucial additional prognostic
information for parents deciding whether to proceed
with intrauterine MMC repair or terminate the preg-
nancy.
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Fetal MRI protocol

Usually, the fetal MRI is performed with 1.5 or 3 T
machines with a phased array surface coil without contrast
or sedation. Hypoglycemia can be induced by perform-
ing the fetal MRI after fasting for at least four hours to
reduce fetal motility. Furthermore, execution of the US
immediately before the fetal MRI can induce fetal sleep.
The supine position is the most commonly used, but lateral
positions can also be considered if it is not well tolerated
[31, 32]. First, the “localiser sequence” is acquired; it is
usually represented by 6 mm slices coronal T2-weighted
single-shot fast turbo spin-echo to identify fetal presen-
tation (fetal position to the mother’s one) and to study
uterine walls and placenta. Later, the images of each
series performed are used as a reference for subsequent
sequences to minimise the orientation problems related
to fetal motility. The total examination time is around
20-30 min, according to the number of sequences to be
repeated due to fetal movement artefacts and according to
the additional sequences performed to clarify any findings
identified that might require it.

In the context of open-NTDs, the fetal MRI protocol
should be composed in the first part by sequences use-
ful for properly studying the spine and the brain and then
by sequences focused on the remaining anatomical fetal
areas. Subsequent sequences of the fetal MRI study can be
divided into mandatory and optional sequences (Table 1)
[31-33]:

— Mandatory sequences:

o T2-weighted fast or turbo spin-echo (HASTE,
SSFESE or SSTE)[34] with axial, sagittal and coronal
orientation orthogonal to the area of interest. These
sequences allow an accurate representation of fetal

anatomy. In addition, we can consider the possibility
of obtaining fast or turbo spin echo sequences with
different echo times (TE) and different FOV sizes for
better image quality in different districts: for exam-
ple, long TE and small FOV in imaging of the fetal
brain and shorter TE on the abdomen to have more
contrast [32, 35].

p T2-weighted steady-state free-precession (SSFP),
that represents a potentially three-dimensional
sequence (thanks to 1.6-mm thick contiguous
slices); however, the quality reduction in recon-
structed images on different planes leads to prefer
acquisition of T2w-SSFP with different acquisition
orientation. These sequences also accurately repre-
sent vessels [32, 35].

q TI1-weighted gradient echo (GRE), to identify meth-
emoglobin in subacute haemorrhage and calcifica-
tion [32, 36] to better delineate bone structure also
T2*-weighted “Black-Bone” images have been pro-
posed.

r Single-shot high-resolution (SSH) GRE echoplanar
(EP) sequences, which allow to evaluate bony struc-
tures, calcification and products of blood degrada-
tion, such as deoxyhemoglobin, which suggests a
recent bleed, or hemosiderin, which represents an
older haemorrhage [32, 37].

s  Diffusion-weighted imaging (DWI) with reconstruc-
tion of the apparent diffusion coefficient (ADC)
maps, to detect hypoxic-ischemic brain lesions [32,
38].

— Optional sequences: single-shot fluid attenuated inver-
sion recovery (FLAIR) and inversion-recovery-prepared
single-shot fast spin-echo T1-weighted sequence (SNA-
PIR).

Table 1 Fetal MRI protocol Mandatory sequences:

Coronal T2w single-shot fast turbo spin echo in order to identify fetal presentation and position

T2-w fast or turbo spin-echo (HASTE, SSFSE or SSTE) [24] with axial, sagittal and coronal orientation
orthogonal to the area of interest (first brain and spine and then the remaining fetal areas)

Breath-hold gradient-echo (GE) sequences with the balanced T2-w steady state-free-precession (SSFP)

T1-w gradient echo (GRE). Imaging with and without Fat Suppression (FS)
Single-shot high-resolution (SSH) GRE echoplanar (EP)
Diffusion-weighted imaging (DWI) with reconstruction of the apparent diffusion coefficient (ADC) maps

Optional sequences:

Single-shot fluid attenuated inversion recovery (FLAIR)

Inversion-recovery-prepared single-shot fast spin-echo T1-weighted sequence (SNAPIR)

HASTE Half-Fourier acquisition single-shot turbo spin echo; SSFSE single-shot fast spin echo; SSTE sin-

gle-shot turbo spin echo
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Instead, to evaluate the remaining fetal regions to detect
any abnormalities not associated with the spinal defect,
which could exclude the fetus from the in-utero repair pro-
gram, we carry out sequences T2-weighted fast or turbo
spin-echo (HASTE, SSFSE or SSTE) in two planes, usually
axial and coronal on the fetus. In addition, we add to the pro-
tocol sequences such as T1-weighted gradient echo (GRE),
diffusion-weighted imaging and SSH magnetic resonance
cholangiopancreatography sequences to clarify any findings
of uncertain significance.

Imaging criteria for fetal surgery
of open-NTDs

The typical inclusion and exclusion criteria for fetal surgery
of open-NTDs derive from the MOMS trial (Table 2) [14].
These criteria are not applied strictly in today’s clinical prac-
tice, such as BMI (usually increased to 40) and gestational
age (up to 27-28 weeks) [29, 39].

Within the criteria of inclusion and exclusion for uterine
surgery of open-NTDs, there are some fundamental imaging
criteria, which may be included in the following imaging
exclusion criteria [40]:

Spine:

types of lesions other than MMC or Myeloschisis;

Upper level of defect higher than T1 or lower than S1;

Kyphosis >30°.

Brain:

Absent hindbrain herniation or Chiari II malformation;

Intracranial anomaly not explained by open spinal
dysraphism.

Any fetal anomaly not explained by open spinal
dysraphism.

Uterus:

Cervix <2 cm in length;

Multiple gestations;

Placental abnormalities (placenta previa, placenta accrete,
placental abruption, suspected adhesion disorders);

Uterine abnormalities (e.g., bicornate uterus, large or
multiple leiomyomata).

These imaging criteria can be evaluated with both US and
MRI methods, although MRI is better assessed, ensuring
higher standardisation.

What to see in fetal MRI performed for MMC
Spine

NTDs are represented by a varied and numerous group of
alterations whose differential diagnosis requires an accu-
rate and systematic analysis of MRI images, enabling the
identification of vertebral anomalies, spinal cord and spinal

Table 2 The inclusion and

X I Inclusion criteria:
exclusion criteria from the

MOMS trial [12] Singleton pregnancy;

Maternal age > 18 years;

Type of lesion myelomeningocele or myeloschisis;

19 0/7-25 6/7 weeks of gestation;

Lesion location T1-S1;
Normal karyotype or FISH;

Chiari II malformation present;

Able to remain close to the treating center;

Exclusion criteria:

Fetal anomaly unrelated to myelomeningocele;

Kyphosis >30°;

Increased risk for spontaneous preterm birth (history of preterm birth, short cervix <20 mm, history
of incompetent cervix, cerclage) or iatrogenic preterm birth (e.g., uncontrolled hypertension, insulin-

dependent pregestational diabetes);

Placental abnormalities (placenta previa, placenta accrete, placental abruption, suspected adhesion disor-
der) or uterine abnormalities (e.g., bicornate uterus, large or multiple leiomyomata)

BMI > 35;

Maternal alloimmunization;

Maternal HIV, HBV or HCV status positive;

Previous hysterotomy in the active uterine segment;

Psychosocial limitations;

A medical condition that would contraindicate general anesthesia or abdominal surgery

FISH fluorescence in situ hybridization; BMI body mass index
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canal anomalies (like Tethered cord syndrome, Split cord
syndrome and Syrinx), linear tethering tracts anomalies
(like dorsal dermal sinus, limited dorsal myeloschichis,
meningocele manque), dysraphic mass lesions (divided in
fluid-containing lesions, fluid with soft tissue, fat-containing
masses) and caudal cell mass [41]. In particular, as regards
dysraphic mass lesions there are several subgroups and their
distinction is possible only through a systematic study of
their content, extent, components that exceed the vertebral
and dural defect and the interface between intratumoral fat
and subcutaneous fat and neural placode [41]:

Fluid-containing lesions:

Meningocele characterised by dorsal herniation of cer-
ebrospinal fluid containing a meningeal sac through verte-
bral defect;

Intradural extramedullary cyst divided into epidermoid
cyst, arachnoid cyst, filar cyst or neurenteric cyst;

Intraspinal enterogenous cysts;

Ependymal cyst or persistent fifth ventricle.

Fluid with soft tissue (neural elements):

MMC, characterised by herniation of the fluid-filled sac
with neural elements;

Terminal myelocystocele characterised by conus and neu-
ral placode with dilated central canal in the protruded sac.

Fat-containing masses:

Intradural lipoma: lipid-containing masses encapsulated
within the intact dural coating;

Lipomyeloceles/lipomyelomeningocele: lipid-containing
masses traversed dural and vertebral defects and extended
into subcutaneous tissues; in particular, the intratumoral fat
is diffusely or focally continuous with the subcutaneous fat;

Lipomas of caudal cell mass;

Teratoma: cystic, solid, unilocular, or multilocular lesions
with fat, calcification, bony, and other mesenchymal ele-
ments; in particular the intratumoral fat has no communica-
tion with subcutaneous fat.

The spinal defects eligible for fetal surgery are the MMC
and the Myeloschisis (also known as Myelocele). They are
characterised by the presence of a bone and skin defect with,
in MMC, a protrusion of the neural placode beyond the skin
surface due to enlargement of the adjacent subarachnoid
space (Fig. 1), while in Myelocele the placode is at the level
of the skin surface [41]. Most of the open-NTDs are MMC
(98.8%). This difference is crucial from a surgical perspec-
tive because skin closure can be technically more challeng-
ing for a myeloschisis and graft closure is often necessary
[42]. Open-NTDs are usually located in the lower lumbar
and sacral regions (98%); they are rare in the cervical and
upper thoracic spine, probably because the lesions in these
areas are more severe and may not allow the survival of
the fetus [43]. In cases where it is difficult to determine
whether it is an open or closed spinal defect, especially in

Fig.1 T2 Single-Shot Fast Spin Echo (SSFSE) sagittal (a and b,
magnification) and axial (¢) images performed at 24 gestational
weeks show Myelomeningocele, as evidenced by bone and skin
defects (arrow) with herniation of the dural sac and neural placode
protruding outside the skin surface

defects partially covered by skin, acetylcholinesterase can be
researched in amniotic fluid as it indicates CSF leak.

Another fundamental characteristic of the eligibility for
surgery is the lesion level, which must not be higher than the
T1 vertebral body level or lower than S1.

The defect level can be determined both through US and
MRI: the US allows better determination of bone struc-
tures with the limits of an operator-dependent modality
[44]; instead, MRI does not have the limits of the operator
dependent and allows a comprehensive study of the spinal
defect. Nevertheless, an inaccuracy of about 20% in deter-
mining the lesion’s level has been observed with both meth-
ods [45]. To overcome this limit the use of T2*-weighted
“Black-Bone” images have been proposed, as they may bet-
ter delineate bone structures. In addition, other studies have
shown an exact level match between fetal and postnatal MRI
of 42.9% and within 1 level of concordance in 82% (98/119)
of patients. These mistakes are partially related to the tiny
size of the fetus, with reference points close to the millime-
tre, and partially related to the inadequate resolution of the
discal spaces and vertebral bodies in the fetal MRI of the
entire spine [46]. Further, there are normal anatomic vari-
ations in vertebral body, such as the presence of 6 lumbar
vertebral bodies, which may make the vertebral count dif-
ficult. The level of the spinal dysraphic defect is determined
in relation to the lumbosacral junction, using the following
reference points: the most caudal spinal hyperintense disc
space as L5-S1 and the lowest horizontal vertebral body as
L5. In this way, it is possible to identify the vertebral body
superior to the highest level of the absence of the posterior
elements at the bone/skin defect [46].
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An adequate characterisation of the spinal lesion also
includes the measurement of the defect’s size: anterior—pos-
terior and craniocaudal dimensions show a positive correla-
tion with the lateral and third ventricular size in the fetus
[47] and, from a surgical point of view, larger defects are
more challenging to close [48]). In the case of MMC, the
sac’s size should be described because inversely related to
the degree of hindbrain herniation and might be protective
against CSF leakage [47].

Kyphosis > 30° is another imaging exclusion criterion.
It can be measured either on fetal MRI or US and is repre-
sented by the difference by 180° and the angle composed of
the two portions of the scoliotic spine (Fig. 2).

Any additional congenital vertebral defects should be
described to complete the spine's characterisation. They
include anomalies of vertebral formation (hemivertebrae,
anteriorly wedged, and butterfly vertebrae), segmentation
(block vertebra, unilateral unsegmented bars, lumbosa-
cral transitional vertebra and additional vertebra) and a

Fig.2 T2 SSFSE sagittal view of the fetal spine for kyphosis meas-
urement performed at 23 gestational weeks. The difference by 180°
and the angle composed by the two portions of the scoliotic spine
represents the kyphosis angle

combination of both [41, 49]. They are described as simple
(1-2 vertebrae) or complex (> 2 vertebrae).

Hemimyelomeningocele and hemimyelocele are rare con-
ditions characterised by an open-NTDs in association with
a split cord malformation; they result from the primary neu-
rulation defect of one hemicord, while the other hemicord
is normal or tethered [50-52]. Split cord malformations can
be divided into two types according to Pang’s classification
[53]: type I consists of two hemicords, each contained within
its dural tube and separated by a rigid osseocartilaginous
median septum sheathed in dura; type II, formed by two
hemicords housed in a single dural tube separated by a non-
rigid, fibrous median septum. Despite the potential clinical
value of this condition, it is not always easy to detect in the
fetal MRI, especially in the case of type II. However, Pang’s
classification type I or II does not exclude fetal surgery [46].

Lastly, hydromyelia can occasionally be depicted in asso-
ciation with MMC; these findings are characterised by fluid-
filled space in the central canal [54]. Syringomyelia, charac-
terised by fluid-filled space in the spinal cord parenchyma,
is rarely visible in the fetal period but can develop later [54,
55]. From the pathological point of view, their causes are
not entirely clear and various participant phenomena have
been described, including altered CSF flow dynamics. Its
presence in pre-surgery time does not exclude the patient
from fetal repair but must be promptly depicted if it appears
after fetal surgery [56].

Fetal brain
Indirect signs of open-NTDs and other intracranial anoma-
lies associated with open-NTDs can be identified on fetal

MRI (Fig. 3). They include abnormalities of:

— Skull: concave shape of frontal bones -“lemon sign”- and
a small posterior fossa;

Fig.3 T2 SSFSE images of the fetal brain performed at 24 gesta-
tional weeks show intracranial anomalies. Axial view (a) shows the
concave shape of frontal bones called the “lemon sign” (arrows).
Sagittal view (b) shows small posterior fossa and hindbrain hernia-
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tion through the foramen magnum with the obliteration of the cisterna
magna and the fourth ventricle. Coronal view at the level of the cho-
roid plexus’ glomus (c¢) shows hydrocephalus measurement through
lateral ventricular size (line)
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— Cerebellum and hindbrain: small cerebellum or anterior
concave shape -“banana sign”- and hindbrain herniation
through the foramen magnum (Chiari II malformation).

— Liquoral system: obliteration of the cisterna magna and
the fourth ventricle, ventriculomegaly, transependymal
oedema and loss of the subarachnoid space in the convex-
ity;

— Other parenchymal abnormality: agenesis/dysgenesis of
the corpus callosum, abnormal ventricular wall and het-
erotopia, defects in cortical thickness and the gyration
pattern in frontal and temporal lobes and hippocampus
[57-59]; in some cases, this assessment is made particu-
larly difficult by the compression of such structures as a
consequence of hydrocephalus.

The concept of a “third hit”, consisting of brain injuries
caused by secondary alteration due to open-NTDs, has been
introduced in the background of brain anomalies. Still, the
relationship between these findings and their postnatal out-
comes is not entirely clear and further studies about this
association are required [59].

The main characteristics of the posterior cranial fossa
are represented by two quantitative parameters that must be
compared with reference for gestational age [60]:

o Clivus-supraoccipital angle (CSA): measured using a
line connecting the most cranial part of the clivus and
the basion and a line along the superior surface of the
supraoccipital, cutting the opisthion;

p Maximum transverse diameter of the posterior fossa
(TDPF): measured at the tentorium’s insertion level with
a line between the lateral borders of the posterior cranial
fossa.

The degree of Chiari II malformation and hindbrain her-
niation is represented by a scale derived from a modified
version of a grading system initially described by Sutton
et al. in 1999 [61, 62]:

— Grade 1: normal or a downward sloping tentorium and a
normal patent fourth ventricle and cisterna magna with-
out cerebellar ectopia;

— Grade 2: cerebellar ectopia with effacement of the fourth
ventricle but a patent cisterna magna;

— Grade 3: cerebellar ectopia and effacement of the cisterna
magna and fourth ventricle.

Both Grade 2 and Grade 3 fetuses are potential candi-
dates by the MOMS inclusion criteria; hindbrain herniation
is necessary and only 8% of patients with open-NTDs have
not [62].

Hydrocephalus is another element known to be stud-
ied in cerebral fetal MRI. The size of the lateral ventricles

quantifies it. As suggested by fetal sonography guidelines,
lateral ventricular size is measured in transverse dimen-
sions in the axial plane at the level of the frontal horns or in
the coronal plane at the level of the glomus of the choroid
plexus. The reference values are: normal up to 10 mm; mild-
moderate ventriculomegaly at 10-15 mm; severe ventriculo-
megaly > 15 mm [62, 63]. Several studies have been carried
out without consensus regarding the size of the ventricles
as a prognostic factor. A secondary analysis of the entire
MOMS cohort found that in the case of severe ventricu-
lomegaly (> 15 mm), there is no reduction in the need for
ventriculoperitoneal shunting (VPS) after fetal MMC repair
[64]. Consequently, fetal MMC repair should not be offered
in these situations. However, another study shows that,
despite the persistence of ventriculomegaly after surgery,
the modification in postoperative CSF hydrodynamics may
decrease the rate of ventricular dilatation and potentially
improve the degree of cerebellar herniation, suggesting
a delay in the need for VPS in fetal repaired cases when
compared with unrepaired cases [65]. In addition, although
there is no reduction in VPS in fetuses undergoing surgical
repair with severe ventriculomegaly > 15 mm, the benefits
of motor function may be maintained [64, 66], so the size
of ventricles is not mentioned in the exclusion criteria but
are a prognostic factor able to give us information on the
subsequent need for VPS.

Lastly, it is necessary to ascertain the absence of anoma-
lies not explained by open spinal dysraphism in the brain
study.

Fetal anomaly not explained by open-NTDs

Fetal anomalies unrelated to the open-NTDs are still dis-
cussed as an exclusion criterion for fetal surgery [67]. For
example, the absence of high signal intensity on T1-WI of
rectal meconium signal cannot represent a coexistent anal
malformation. This finding can be related to the neurogenic
intestine in fetuses with open-NTDs [68].

Also, mild pelviectasis does not exclude fetal surgery. It
must be distinguished from the unilateral obstruction of the
ureteropelvic junction that does not allow fetal repair of the
spinal defect [69].

Uterus and placenta

Complete imaging evaluation for enlistment to fetal MMC
surgery includes the study of the uterus and placenta.

Twin pregnancy is an exclusion criterion, easily deter-
mined in the first trimester.

MRI and US findings proper of the uterus include struc-
tural alterations that can increase the risk of post-surgical
compliances, such as preterm delivery. The cervix length
is well displayed on the US and MRI sagittal images;
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Fig.4 T2 SSFSE sagittal view of the maternal uterus performed at 21
gestational weeks shows the placenta’s position (arrows) and length
of the cervix measurement (line)

according to the inclusion criteria, it must exceed 2 cm
(Fig. 4). Instead, abnormal uterine findings are best charac-
terised on MRI, as in the case of Mullerian Ducts Anomalies
[70] and leiomyomas.

It is essential to characterise the localisation and placental
functionality to detect placenta previa, placental abruption,
and placenta accrete spectrum disorders [71].

Fetal-MRI structured report
about open-NTDs

To treat all fetal and uterine-placental compartment features,
we propose a structured report that allows an orderly and
efficient report of the fetal MRI of spinal NTDs, which is
helpful in pre-surgery intrauterine planning (Table 3). An
example of structured report use and corresponding images
are provided in Supplementary Material 1.

Post-surgery MRI

MRI after surgery is recommended to assess the success of
the repair and the need for subsequent surgery or treatment
for hydrocephalus. Post-surgical MRI is usually performed
after birth, but there is evidence that in-utero MRI after six
weeks from surgical repair can give information about the
outcome of the surgery and the relative risk of subsequent
intervention for hydrocephalus [66]. Changes in HBH
and ventricular volume are consequences of the prenatal
repair on CSF hydrodynamics (Fig. 5). If further studies
confirm, post-surgical fetal MRI could be adopted as a
standard. Prenatal MRI avoids some difficulties regard-
ing neonatal MRI, first of all sedation, but the quality of
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Table 3 Fetal-MRI structured report about open-NTDs

Spine:

Spinal defects:

Open-NTDs (bone and skin defect): NO/YES;

In case of MMC:

Lesion’s level (vertebral sector involved in bone defect);
Defect’s size (maximum LL and CC dimensions);

Sac’s size (maximum AP, LL and CC dimensions);
Contents (fluid/neural components);

In case of Myeloschisis:

Lesion’s level (vertebral sector involved in bone defect);
Defect’s size (maximum LL and CC dimensions)
Degrees of kyphosis;

Anomalies of vertebral formation, segmentation, or combination of
both and split cord syndrome: NO/YES (description);

Hydromyelia: NO/YES (level and extension);
Syringomyelia: NO/YES (level and extension)
Skull/brain:

Skull:

Shape and biparietal diameter;

Posterior fossa dimensions (CSA and TDPF)
Chiari IT malformation and hindbrain herniation: NO/YES;
Grade 1;

Grade 2;

Grade 3

Hydrocephalus: NO/YES (lateral ventricular size);
Other intracranial anomalies: NO/YES (description)
Other fetal anomalies:

Abdominal anomalies: NO/YES (description);
Thoracic anomalies: NO/YES (description);

Other anomalies: NO/YES (description)

Uterus and placenta:

Singleton pregnancy: YES/NO (description);
Length of the cervix;

Uterine abnormalities: NO/YES (description);
Placental abnormalities: NO/YES (description)

NTDs neural tube defects; MMC myelomeningocele; AP antero-pos-
terior; LL latero-lateral; CC cranio-caudal; CSA clivus-supraocciput
angle; TDPF transverse diameter of the posterior fossa

images is lower. Several recent studies confirm the need
for a post-surgery study as presurgical findings, such as
mild ventriculomegaly (width between 10 and 15 mm) or
the severity of the degree of HBH, have limited predic-
tive value about the need for hydrocephalus treatment (VP
shunt or an endoscopic third ventriculostomy with choroid
plexus cauterisation [72]) in the first year postpartum [64,
66, 73].

The best predictors of subsequent need for hydrocepha-
lus treatment in the first year postpartum in patients under-
going fetal MMC repair are:
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Fig.5 T2 SSFSE of fetal brain pre (a, performed at 24 gestational
weeks) and post (b, conducted at 29 gestational weeks) intrauterine
repair show the visualisation of the IV ventricle (arrow) and the lig-
uoral spaces of the skull-cervical junction after intrauterine surgery

— Ventricular volume growth>2.02 mL/week (higher
enlargement than expected, calculated using T2-WI from
the pre- and post-surgery MRI);

— The persistence of HBH below the level of the C1 pos-
terior arch and lack of reversal of HBH at 6-week post-
surgery MRI;

— And mean ventricular width > 15 mm on pre-surgery
ultrasound or MRI [66].

Although the latter parameter is pre-surgical, it does not
exclude in-utero repair because motor function benefits may
be maintained [64, 66]. Ventriculomegaly, once established,
does not appear to resolve. Still, the modification in post-
operative CSF hydrodynamics could delay the VP shunt in
patients in-utero repaired compared to those not repaired
[65].

In the context of patients repaired in utero, many stud-
ies are emerging to identify those needing further treatment
for hydrocephalus; in particular, the use of diffusion tensor
imaging (DTI) has been proposed [74].

As regards the spine, there will be the typical imaging of
an elongated spinal cord with the neural placode attached to
the back of the thecal sac at the repair site with the common
tethered spinal cord [75] (Fig. 6). Another assessment to be
carried out concerns spinal cord syrinx or pre-syrinx oedema
or other surgery complications [46], such as post-operative
extra-spinal fluid collections or pseudomeningoceles [76].

Conclusion

In the background of fetal surgical repair as the best thera-
peutic option for open-NTDs, fetal MRI is evolving to sup-
port therapeutic decisions through comprehensive informa-
tion about fetal conditions. MRI may have a pivotal role in
the post-surgical period when detecting the effectiveness and
repair complications is essential. Radiologists need to know

Lo R d

Pre-surgery Post-surgery Post-natal

Fig.6 T2 SSFSE sagittal and axial views at pre-surgery time dur-
ing 24 gestational weeks (a and b, respectively) show bone and skin
defect (arrow) with herniation of the dural sac and neural placode
protruding outside skin surface. Sagittal T2 balanced steady-state
gradient echo sequence (c) at post-surgery time during 29 gestational
weeks shows the typical imaging of the elongated spinal cord with
the neural placode attached to the back of the thecal sac at the repair
site and, in axial view (d), the continuity of skin and bone after intra-
uterine repair. T2 Turbo Spin Echo sagittal view of the spine at the
postnatal time (e) shows the typical imaging of tethered spinal cord

and report all crucial information to clinicians and surgeons
for the best management of open NTDs.
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