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Abstract

Obijective: This systematic comparison between pre- and postnatal imaging findings
and postnatal motor outcome assesses the reliability of MRI accuracy in the prog-
nostication of the future long-term (mean, 11.4 years) ambulatory status in a his-
toric group of postnatally repaired myelomeningocele (MMC) cases.

Methods: A retrospective, single-center study of 34 postnatally repaired MMC
patients was performed. We used fetal and postnatal magnetic resonance imaging
(MRI) to compare the fetal and postnatal radiological lesion level to each other and
to the postnatal ambulatory level as a standard of reference and analyzed Chiari Il
malformation characteristics.

Results: In 13/15 (87%) and 29/31 (94%) cases, the functional level was equal to or
better than the prenatal and postnatal radiological lesion level. A radiological lesion
level agreement within two segments could be achieved in 13/15 (87%) patients. A
worse than expected functional level occurred in cases with Myelocele (2/3 pa-
tients), coexistent crowding of the posterior fossa (2/3 patients) and/or abnormal
white matter architecture, represented by callosal dysgenesis (1/3 patients). In all
patients (2/2) with a radiological disagreement of more than two segments, seg-
mentation disorders and scoliosis were observed.

Conclusion: Fetal and postnatal MRI are predictive of the long-term ambulatory

status in postnatally repaired MMC patients.

Key points

What's already known about this topic?

o Fetal and postnatal magnetic resonance imaging (MRI) show a good correlation in identi-
fying the level of the myelomeningocele (MMC) lesion.

e Prenatal ultrasound (US) and fetal MRI show a comparable agreement, within two seg-
ments, in predicting the short-term ambulatory status.

medium, provided the original work is properly cited and is not used for commercial purposes.
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1 | INTRODUCTION

The incidence of myelomeningocele (MMC) has decreased in the past
several years due to an increase in folate acid supplementation.’?
Nevertheless, with a prevalence rate between 0.2 and eight per 1000
live births, MMC is the most common form of spinal dysraphism and
is associated with Chiari Il malformation.>~1°

For an appropriate treatment plan, an early prenatal diagnosis is
of the utmost importance.’* As a result of the improvement in pre-
natal ultrasound (US) diagnostics, 88% of neural tube defects (NTD)
in Europe are diagnosed during a median gestational age of
17 weeks.'? Consequently, the abortion rate in cases of NTD has
increased in most European countries, especially of MMC patients
who are not eligible for prenatal closure.’?"*® These profound
changes in evaluation and treatment measures have led to a decrease
of postnatal MMC repairs. The legitimate concern of a poor ambu-
latory status, in particular, leads to substantial parental uncertainty
with regard to the option against surgical treatment and for the
termination of pregnancy. A better definition of the imaging-based
predictability of future motor outcome in MMC cases would help
to reduce this uncertainty and strengthen parents’ confidence in this
difficult decision. More recent studies have focused on the functional
prediction value of prenatal sonography in postnatally repaired MMC
patients. There is a wide variation in studies about the correlation
between ambulatory status and radiological lesion level assigned by
prenatal sonographic findings, with the neuromotor level reportedly
equal to or better than the anatomic level in 52.9%-91%.1772% Many
centers have implemented MRI as an complementary prenatal ex-
amination method in cases of a suspected NTD. Depending on the
expertise and quality of fetal MRI and US, there is much variation
with regard to the superiority of either technique.l”?* Fetal MRI
allows a complete examination of the neuroaxis by the second and
third trimester, regardless of technique-related limitations in trans-
abdominal ultrasonography.2>~2” When fetal sonography is compared
to postnatal MRI for the identification of the MMC lesion level, a
good correlation within one level could be observed in 82% of
cases.?® By predicting the ambulatory status, prenatal US and fetal
MRI showed an equal agreement, within two segments, in 79.4% of
cases.?? However, the studies that analyzed the predictive value
of fetal and postnatal MRI with regard to the ambulatory status of
patients with postnatally repaired MMC lesions were limited by small
patient groups or a short-term follow-up usually assessed within one
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What does this study add?

o Fetal and postnatal MRI have a good predictive value for the long-term ambulatory status in
patients with postnatal MMC closure.

e MMC patients with worse than expected ambulatory status showed signs of vermian
displacement and corpus callosum dysgenesis.

e In MMC patients with spinal segmentation disorders and scoliosis, there was a major
disagreement between fetal and postnatal MRI, specifically with regard to the MMC lesion

week of postnatal MMC closure.r”??20 Furthermore, other Chiari Il
malformation characteristics, such as corpus callosum (CC) de-
formities or vermian displacement, were not considered as additional
factors that could potentially explain a poorer functional outcome
than that based on the prediction according to the anatomical level
alone 3132

In this single-center, follow-up study, we aimed to retrospec-
tively assess fetal and postnatal MR examinations and correlate
these to the ambulatory status of postnatally repaired MMC patients.
The main goal of our study was to determine the anatomically pre-
dictive and functionally prognostic value of fetal and postnatal MRl in
postnatally repaired MMC patients, with respect to the long-term
(mean follow-up period of 11.4 years) ambulatory status as the
standard of reference. By examining the entire neuroaxis using fetal,
as well as postnatal MRI, we aimed to identify and neuro-
radiologically characterize factors that negatively affect the long-
term motor outcome of postnatally repaired MMC patients. This
descriptive reference data, derived from a “historic” cohort may
serve as an important benchmark for the comparison of long-term

outcomes in prenatal surgery trials.

2 | MATERIALS AND METHODS

The study protocol was approved by the Ethics Committee of the
Medical University of Vienna (EK 1318/2019).

2.1 | Patients

Patients with open spina bifida who underwent a postnatal MMC
closure at the Neurosurgery Department of the Medical University of
Vienna between the years 2000 and 2015 were included in this
study.

Patients were referred to fetal MRI in cases where an MMC was
suspected by prenatal US examination. Postnatal MRI examinations
were performed only in cases of ambulatory deterioration due to
suspected tethered cord or CSF shunt malfunction. Fetal MR images
were obtained in 16 patients (47%) and 32 patients (94%) underwent
postnatal MRI. Fetal and postnatal MR images were evaluated, in
consensus, by one neurosurgeon (T.C.) and one neuroradiologist

(G.K.), both with more than 10 years' experience in pediatric
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FIGURE 1 Segmental level of the neural
placode. Patient with a Myelomeningocele and
lesion level at L1 and fetal vermian
displacement at C3. Functional level at L3-L5.
Left: EPI/T2* sequence. Right: T2-weighted
sequence

FIGURE 2 Corpus callosum (CC) morphology. A,B, Normal form of the CC. C- F, Hydrocephalic configuration of the CC. G, H, Dysgenetic
CC: the splenium of the CC is absent and the proportions of the different callosal segments abnormal

neuroradiology and fetal MRI. The level of the MMC lesion was
defined as the segmental level of the fetal neural placode and the
postnatal tethered spinal cord. We defined the most cranial part of
the lesion level as the border to the seemingly normal myelon
segment, and also used the last completely intact vertebral body as a
landmark (Figure 1). A myelon segment was defined as normal if a T2-
hyperintense CSF signal was visible around the myelon. A vertebral
body was defined as completely intact only in cases of a complete
posterior arch and spinous process. The vertebral bodies were
counted beginning caudally or cranially, depending on the level of
lesion. In lumbar lesions, vertebral bodies were counted beginning
caudally using the promontory as landmark. In thoracic lesions,
vertebral bodies were counted beginning cranially, using the foramen
magnum as landmark. The method for counting the vertebral bodies
did not differ intraindividually between fetal and postnatal MRI. The
caudal part of the neural placode or tethered spinal cord was not
described. Furthermore, we evaluated Chiari Il malformation char-

acteristics, particularly vermian displacement and the shape of the

CC. As previously emphasized by Harvey Sarnat,®® herniation relates
to an active displacement of an organ through a local tissue defect
and since it is not clear if the vermis primarily develops in the spinal
canal or is secondarily displaced, we used the term vermian
displacement.®* For assessing vermian displacement the foramen
magnum was used as reference as well.

Due to the great heterogeneity in the nomenclature and the
definition of callosal anomalies,®® we decided to use a modified clas-

134 and classified the

sification system based on Edwards et a
morphology of the CC into four classes (Figure 2). Some showed an
inconspicuous form and were thus defined as (1) “normal” (Figure 3).
Due to an MMC-associated hydrocephalus, some CC showed a thinned
form and were specifically grouped as (2) “hydrocephalic” (Figure 4)
rather than hypoplastic, as originally described by Edwards et al.¢ The
CC was defined as (3) “dysgenetic” in cases of “small” abnormally
shaped or missing areas, especially in the region of the splenium and
rostrum. A combination of group (2) and (3) was observed as well, and

thus, were grouped as (4) “dysgenic + hydrocephalic”.
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FIGURE 3 Fetal magnetic resonance (MR) images at 37 gestational weeks of a Myelomeningocele patient depicting the normal shape of
the corpus callosum (CC). Left: Axial MR image shows a normal configuration of the CC at the genu (arrow 1) and splenium (arrow 2). Middle:
Sagittal MR image shows a normal configuration of the genu (arrowhead 1), body (arrowhead 2) and isthmus (arrowhead 3) of the CC. Right:

Coronal MR image shows a normal configuration of the body of the CC

FIGURE 4 Fetal magnetic resonance (MR) images at 33 gestational weeks of a Myelomeningocele patient with a “hydrocephalic”
configuration of the corpus callosum (CC) and functional lesion level of L3-L5. Left: Axial MR image shows a thinned genu (arrow) and splenium
of the CC. Middle: Sagittal MR image shows a thinned genu (arrowhead 1), body (arrowhead 2) and posterior segment (arrowhead 3) of the CC.

Right: Coronal MR image shows a thinned body of the CC

TABLE 1 Characteristics of the study patients
Variable Value

Total no. of patients 34 (100%)

Sex
M 13 (38.2%)
F 21 (61.8%)

Type of delivery
Vaginal 4 (11.8%)
C-section 30 (88.2%)

Gestational age at birth (in weeks) 37.7 (31.4-40.1)

Time of MMC closure
<24 h 31 (91.2%)
<48 h 3 (8.8%)
Gestational age at fetal MRI (in weeks) 27.8 (19.4-37.0)
Gestational age at 2" fetal MRI (in weeks) 29.8 (22.4-35.4)
Age at 1°¢ postnatal MRI (in d) 75 (0-4087)

CSF Shunt 27 (79.4%)

Note: Values are expressed as numbers (%) or as median (range).
Abbreviations: CSF, cerebral spinal fluid; MMC, myelomeningocele;
MRI, magnetic resonance imaging.

Thirty infants (88%) were delivered via Caesarean section and
four (12%) via vaginal birth between 31 + 3 and 40 + 1 week of
estimated gestational age, respectively (Table 1).

MMC repair was performed within 24 h in 31 (91%) and 48 h in
three (9%) patients.

Follow-up was conducted at the University Hospital of Vienna,
an MMC-specialized center, by a multidisciplinary team of pediatric
neurosurgeons, neuroradiologists, neuropediatricians, orthopedists
and urologists, with a mean follow-up of 11.4 years (range, 3-
18 years). Five patients were between three to five years of age at
the last follow-up. Twenty-nine patients were older than seven
years.

2.2 | Functional level

The functional level of all 34 MMC patients was assessed by a neu-
ropediatrician based on patients' best ambulatory status during
follow-up and was classified into three groups (Table 2).

Those who were incapable of knee extension and/or hip flexion,
and thus, were in need of a wheelchair, were assigned to
group <L2.%” In cases of knee flexion and/or dorsal foot extension
deficits, patients were assigned to group L3-L5. These patients were
ambulatory only with the help of various devices, such as a walking
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TABLE 2 Functional level assessed by clinical neurological
examination

Functional lesion level Mobility
Above or equal to L2 Wheelchair
L3-L5 Supporting devices (walking frame,

crutches, ankle/knee/hip orthosis)

Below or equal to S1 Unassisted

frame, crutches, or an ankle/knee/hip orthosis. Patients with a deficit
in plantar flexion and/or who were able to walk without any sup-
porting device were assigned to group >51.%% In cases of an asym-
metric functional neurological level, the worst functional level was

used.

2.3 | Fetal MRI

Fetal MRI examination was performed at the Department of
Biomedical imaging and Image-guided Therapy at the Medical Uni-
versity of Vienna, without any sedation.

The fetal MRI protocol consisted of T2-TSE sequences in three
orthogonal planes (TE = 100-140 ms, TR = variable, slice thick-
ness = 3-4.4 mm, FOV = 230-290 mm), echoplanar sequences, and
SSFPE/FIESTA/true-FISP-sequences (FOV = 260-300 mm, over
continuous slices with 3 mm overlays).

In 16/34 MMC patients (47%), the fetal MRI examination was
performed after transabdominal US showed a developmental anom-
aly. In 6/16 patients (38%), a second fetal MRI examination was
performed. The first and second fetal MRI examinations were per-
formed at a median estimated gestational age of 27 + 6 weeks (range,
19 + 3-37 weeks) and 29 + 6 weeks (range, 22 + 3-35 + 3 weeks),
respectively.

2.4 | Postnatal MRI

Postnatal MRI examinations were performed at the patients' local
diagnostic center or at the Department of Biomedical imaging and
Image-guided Therapy at the Medical University of Vienna.

The postnatal MRI protocol consisted of T2-TSE-sequences in
three orthogonal planes (TE = 50-140 ms, TR = variable, slice
thickness = 2-6.5 mm, FOV = 180-1024 mm), T1-sequences
(TE = 2.1-23 ms, TR = 20-1800 ms, slice thickness = 0.9-6.5 mm,
FOV = 128-1024 mm), and CISS sequences (TE = 2.4-4.4 ms,
TR = 5.3-8.9 ms, slice thickness = 0.6-1 mm, FOV = 128-
512 mm).

In 32/34 MMC patients (94%), a postnatal MRI examination was
performed after closure of the MMC lesion. The first postnatal MRI
examination was done within the first day and 11.3 years (median,
75 days) after delivery.

One spinal, one cranial, and two cranial + spinal MRI exami-
functional

nations were not performed postnatally, since

TABLE 3 Functional lesion level of study patients and rate of
shunted patients in relation to their functional level group

Functional level Patients (n = 34) Shunted patients (n = 27)

Above or equal to L2 8 (23.5%) 7/8 (87.5%)
L3-L5 19 (55.9%) 15/19 (78.9%)
Below or equal to S1 7 (20.6%) 5/7 (71.4%)

Note: Values are expressed as numbers (%).

neurological development either improved or did not deteriorate
during clinical follow-up. According to the surgical records, the
MMC lesions were in the lumbosacral area; one patient had a
functional level of L3-L5, and two patients were classified into the

>S1 functional group.

2.5 | Statistical analysis

Data were analyzed using IBM SPSS Statistics for Windows version
26.0 (IBM, Armonk NY). Data are described as absolute frequencies
and percentages. Due to the descriptive character of the study, no

statistical analyses were performed.

3 | Results

All of the 34 postnatally repaired MMC patients were assigned to
one of the predefined functional level groups. Fetal MR images
were available in 16 patients (47%). However, the image quality
was limited in one case. Thus, fetal MR images of 15 patients
were diagnostically used. Based on fetal MR images, MMC was
diagnosed in nine of these patients and Myelocele in 5/15 pa-
tients. Myelocystocele was diagnosed in one patient who showed
mild Chiari Il malformation characteristics with no vermian
displacement. However, according to the surgical report a neural
placode was visible at birth and thus the lesion was defined as
MMC.

Postnatal MRI examinations were done in 32/34 patients (94%).
The postnatal segmental level of the tethered spinal cord was
assigned to 31/34 patients (91%) since, in one patient, only a cranial
MRI examination was performed. Of 34 patients, 27 (79%) received a
CSF shunt.

There was one death at the age of 10 years, with pneumonia as

the cause of death.

3.1 | MMC lesion level

There were 8/34 (24%), 19/34 (56%), and 7/34 (21%) patients who
had a functional level of <L2, L3-L5, and >S1, respectively (Table 3).
The functional level, as the reference standard, was compared with
fetal and postnatal MR images. For better comparison, the radio-

logical lesion level was organized into groups as well.
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FIGURE 5 Fetal and postnatal magnetic resonance (MR) images and a radiograph of a myelocele patient with a functional lesion level of
L3-L5. Left: Fetal MR image at an estimated gestational age of 19 + 3 weeks indicates the position of the neural placode at level S1. Center:
Four months after birth, the postnatal MR image shows the defect distally to the vertebral bodies L5 and tethering of the spinal cord. Right:
The radiograph at the age of four years shows scoliosis and segmentation defects of the lumbar spine

3.1.1 | Functional lesion level versus prenatal
radiological lesion level

In 13/15 (87%) cases, the functional level was equal to or better than
the prenatal lesion level as determined by fetal MRI. There were 4/15
(26.7%) patients who showed a better than expected ambulatory
status. In two cases, the functional level was worse than expected
and both cases were diagnosed with a Myelocele. In one case (case
A), a prenatal genetic examination was performed, which showed a
4g-17p translocation. This patient (case A) had an anatomical pre-
natal lesion level of L3-L5 with a functional level of <L2. The second
patient (case B) was diagnosed with a lesion level of >S1 and had a
functional level of L3-L5.

The fetal MR images of case A showed the last intact vertebral
body and a normal myelon segment at L2 and the neural placode at
L3. In the postnatal MR images at the age of 22 days, the lesion level
was diagnosed at L4 and the normal myelon segment at L3. Prenatal
vermian displacement was diagnosed at C3 and postnatally at C2.
The CC showed a dysgenetic form on fetal and postnatal MR images.
On the 12t day of life, the patient received a cerebral spinal fluid
(CSF) shunt, and five months after birth, a craniocervical decom-
pression was performed.

In case B (Figure 5), the fetal MR images showed the last intact
vertebral body and normal myelon segment at L5 and the neural
placode at S1. In the postnatal MR images at the age of four months,
the lesion level was diagnosed at L4/5. Prenatal vermian displace-
ment was diagnosed at C3/4 and postnatally at CO. The CC had a
hydrocephalic form on fetal and postnatal MR images. Furthermore,
one singular periventricular heterotopia was diagnosed on postnatal
MRI examination, which could not be detected by fetal MRI at a
gestational age of 22 + 3 weeks. The patient received a CSF shunt on
the 18 day of life. On fetal and postnatal MR images, sacral seg-
mentation defects and scoliosis could be observed. During follow-up,

two untetherings were performed due to neurological deterioration

with no signs of CSF shunt malfunction. After each operation at the
age of 1.5 and 4.8 years, the neurological function improved, and the

patient was ambulatory with the help of a supporting device.

3.1.2 | Functional lesion level versus postnatal
radiological lesion level

In 29/31 (94%) cases, the functional level was equal to or better than
the postnatal radiological lesion level. There were 7/31 (22.6%) pa-
tients who showed a better than expected ambulatory status. The
functional level was worse than expected in only two cases. Both
patients with a postnatal radiological lesion level of L3-L5 had a
functional level of <L2.

Case A was already mentioned above. In the second case (case C)
(Figure 6), the postnatal MR images showed the last intact vertebral
body at L3 and a tethering of the spinal cord.

On the eighth day of life, the patient received a CSF shunt
and, on the first postnatal MR images, a normal CC (circumscribed
secondary defect to shunt placement at the genu/body transition -
Figure 6) and no vermian displacement with bulging of the atlan-
tooccipital membrane could be observed.

After deterioration in hip flexion at the age of six months, MRI
showed tethering of the spinal cord at L3/4 with a syringomyelia at C5.
Based on the clinical deterioration with the concordant neuroradio-
logical results, an untethering was performed. Eight months later, a
neurological deterioration of the upper extremities and a progressive

dysphagialed to a craniocervical decompression at the age of 1.2 years.

3.1.3 | Radiological lesion level comparison

When the fetal and postnatal radiological lesion level were

compared, an exact agreement could be achieved in 6/15 (40%)



KHALAVEH ET AL

FIGURE 6 Postnatal magnetic resonance
images of an myelomeningocele patient with a
functional lesion level of <L2. Left: T2-images
three months after birth show the last intact
vertebral body at L3 and tethering of the spinal
cord. Right: At the age of 14 months, cranial T2-
images indicate crowding of the hypoplastic
posterior fossa and obliterated subarachnoid
spaces at the craniocervical junction

TABLE 4 Chiari Il malformation characteristics on fetal and postnatal MR images

Chiari Il Characteristics Fetal MRI (n = 15)

Vermian displacement

co 1 (6.7%) 9 (29%)
c1 1 (6.7%) 2 (6.5%)
c2 2 (13.3%) 3(9.7%)
C3 6 (40%) 6 (19.4%)
c4 3 (20%) 8 (25.8%)
C5 0 2 (6.5%)
Cé 2 (13.3%) 1 (3.2%)
c7 0 0
Corpus callosum

Normal 2 (13.3%) 8 (25.8%)
Dysgenetic 4 (26.7%) 8 (25.8%)
Hydrocephalic 9 (60%) 12 (38.7%)

Hydrocephalic + dysgenetic 0 3 (9.7%)

Postnatal Cranial MRI (n = 31)

Shunted Patients with Postnatal MRI Scans (n = 27)

4 (44.4%)
2 (100%)
2 (66.7%)
6 (100%)
8 (100%)
2 (100%)
1 (100%)

6 (75%)

7 (87.5%)
10 (83.3%)

2 (66.7%)

Note: Values are expressed as numbers (%) or as median (range). All fetal MRI patients needed a CSF shunt. In two patients with a CSF shunt, postnatal

MRI scans could not be obtained.
Abbreviation: MRI, magnetic resonance imaging.

patients. An agreement within two segments could be observed in
13/15 (87%) patients. In one case (case D), the prenatal radiological
lesion level was evaluated to be five segments more caudal. In
another case (case E), the prenatal radiological lesion level was
assumed to be three segments more cranial. Both patients had
distinctive thoracolumbar segmentation defects, as well as scoliosis,

and were classified into the functional group of <L2.

3.2 | Chiari-ll-malformation characteristics

3.2.1 | Vermis

A vermian displacement between C1 and Cé could be observed by
fetal MRI in 14/15 (93%) patients (Table 4 and Figure 7). All these

patients received a CSF shunt implantation. All patients with
Myelocele had a vermian displacement on fetal MRI. In one patient
with no vermian displacement and no CSF-shunt implantation, a
Myelocystocele was diagnosed by fetal MRI. In 7/15 (46.7%) pa-
tients, the vermis prenatally appeared at the same cervical spinal
level as on postnatal MR images. In 5/15 (33.3%) patients, the
vermis “ascended” postnatally by one to four segments. In all of
those five patients, MMC closure was performed within 24 h after
birth (Table 4).

Of the 4/15 (26.7%) patients with a better than expected
ambulatory status determined by fetal MRI, 2/4 (50%) had a vermian
displacement at C3 and 1/4 (25%) at Cé6.

Of the 7/31 (22.6%) patients with a better than expected ambu-
latory status determined by postnatal MRI, vermian displacement at
C1(1/7,14%),C3(1/7,14%),C4(3/7,43%),and C6 (1/7,14%) could be
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FIGURE 7 Left: Fetal magnetic resonance (MR) image of a Myelocele patient at an estimated gestational age of 27 weeks showing a
vermian displacement (arrowhead) at C3. Right: Fetal MR image of a Myelocele patient at an estimated gestational age of 22 weeks showing
vermian displacement (arrowhead) at C4. The exact level of displacement was determined by counting the T2-weighted hyperintense

intervertebral discs (arrow)

observed. All of them received a CSF shunt. One patient (case F) with
no vermian displacement and a prenatally normal and postnatally hy-

drocephalic CC did not receive a CSF shunt.

3.2.2 | Corpus callosum

On fetal MR images, the CC appeared normal, hydrocephalic, and
dysgenetic in 2/15 (13%), 9/15 (60%), and 4/15 (27%) patients,
respectively. In only one case did a prenatal hydrocephalic CC appear
dysgenetic on postnatal MR images (Table 4). In one prenatally
normal (case F) and one dysgenetic CC, an additional hydrocephalic
feature could be observed postnatally. One of these patients (case F)
was diagnosed with a Myelocystocele by fetal MRI. Of the 4/15
(26.7%) patients with a better than expected ambulatory status
determined by fetal MRI, a normal (1/4, 25%), dysgenetic (1/4, 25%),
and hydrocephalic (2/4, 50%) configuration of the CC could be
observed. Of the 7/31 (22.6%) patients with a better than expected
ambulatory status determined by postnatal MRI, a normal (2/7, 29%),
dysgenetic (1/7, 14%), hydrocephalic (2/7, 29%), and dysge-
netic + hydrocephalic (2/7, 29%) configuration of the CC could be
observed.

4 | DISCUSSION

In this single-center study, we retrospectively evaluated 34 post-
natally repaired MMC patients with a mean follow-up of 11.4 years
(range, 3-18 years).

The neuroradiological lesion level showed a good correlation
between fetal and postnatal MRI within two segments. Lesion level
discrepancies of more than two segments occured in cases with
scoliosis and segmentation disorders (Figure 8). With regard to the
long-term ambulatory status of postnatally repaired MMC patients,
fetal and postnatal MRI showed a good predictability. Patients with a

worse than predicted ambulatory status showed CC dysgenesis and
significant vermian displacement.

Similar results have been shown by other studies, where the pre-
dictability of the ambulatory status was examined using different
prenatal neuroimaging examinations, such as US or fetal MRI, with
good correlation between the prenatal lesion level and the ambulatory
status of MMC patients.*®329252? The most recent study was con-
ducted by Sherrod et al., in which a comparison between fetal MR im-
ages and functional neurological level showed a correlation within one
level in 79.4%.2° This study was limited by the short follow-up, with a
functional assessment within one week of postnatal MMC repair. The
duration of follow-up and the motor level classification were in contrast
to our study, as each patient was assigned an exact motor level. We
believe that, by consulting parents about the long-term ambulatory
status, it is more plausible to classify the ambulatory status of MMC
patients taking into consideration the ambulatory helping device, for
example, wheelchair, crutches, or without aid. However, disregarding
the differences between our study and the study by Sherrod et al., we
could confirm their results, showing that the ambulatory status was
equal to or better than predicted in 29/31 (94%) and in 13/15 (87%)
cases by postnatal and fetal MRI, respectively.

With regard to the three patients with a worse than predicted
ambulatory status, all received a CSF shunt due to hydrocephalus
and showed signs of vermian displacement, CC dysgenesis, massive
thoracolumbar scoliosis, as well as segmentation disorders. As re-
ported by Kollias et al.,'? this complete spectrum of abnormalities
may explain the inadequate predictions of ambulatory status. Ver-
mian displacement, in particular, may have a certain influence on
the ambulatory status of patients with MMC and especially Mye-
locele.®? Posterior fossa crowding, which leads to parenchymal
compression and to primary motor neuron lesions, results in a
worse than expected ambulatory status.*® Furthermore, according
to Nagaraj et al., patients with Myelocele are associated with severe
Chiari Il malformations.®* This was also supported by our results,

which showed a vermian displacement in all of our Myelocele
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FIGURE 8 Fetal and postnatal magnetic resonance (MR) images and a radiograph of an myelomeningocele patient with a functional lesion
level above L2. Left: Fetal MR image at an estimated gestational age of 36 + 4 weeks shows the neural placode at Th12. Center: Two months
after birth, the radiograph shows scoliosis and multisegmental thoracic vertebral body segmentation defects. Right: Two months after birth,

the postnatal MR image shows the tethered spinal cord at Th7

patients, of which two had a worse than predicted ambulatory
status. All of our patients with a vermian displacement diagnosed
by fetal MRI received a CSF shunt and were ambulatory with a
supporting device (<L2 or L3-L5).

The only patient (case F) with no vermian displacement on fetal
MR images did not receive a CSF shunt and was ambulatory without
a supporting device (>S1), even though the pre- and postnatal
radiological lesion level was diagnosed at L3-L5. In this patient, a
Myelocystocele with mild Chiari Il malformation characteristics was
diagnosed by fetal MRI. However, since a neural placode was
observed at birth, this spinal cord malformation was defined as MMC
with no vermian displacement.

More recent studies suggest that the morphological configuration
of the CC may play a significant role in controlling gait symmetry.3%32
Thus, callosal alterations in MMC patients may reflect a more wide-

spread white matter abnormality,***?

and consequently, cause
ambulatory impairments.®3®2 On the basis of the aforementioned
studies, our data indicate that the morphology of the CC could also
have an additional influence on ambulatory status. Recently, Kunpalin
et al. has shown that CC morphology could be assessed by prenatal US
with 71.7% of fetuses with spina bifida showing CC abnormalities.*®
Our MMC patients showed different CC forms, with 8/31 (25.8%) and
4/15 (26.7%) of the patients showing “dysgenetic” forms. In one patient
(case A) with a worse than expected ambulatory status, the CC
appeared dysgenetic on fetal and postnatal MR images. However, in 1/
4 (prenatally) and 1/7 (postnatally) evaluated cases, a callosal
dysgenesis was present, despite their better long-term ambulatory
function, as predicted by their prenatally or postnatally described
anatomical lesion levels.

Usually, a normally shaped CC and normally positioned vermis in
MMC cases are associated with a postnatal motor development that
is better than predicted by the anatomical spinal lesion level alone.
However, vermian displacement and callosal dysgenesis are present

in up to 20% (prenatally) and 3% (prenatally) of cases with better

than expected development, and thus, are not necessarily associated
with a worse outcome. Finally, our data further indirectly point to-
ward a potential beneficial effect of prenatal surgery, as the reversal
of vermian displacement may prevent an aggravation of defective
motor function due to early brainstem decompression.

t*° need

In summary, CC morphology and vermian displacemen
to be considered when ambulatory prediction is made by fetal MRI.
Hence, to prevent overly optimistic assumptions of the ambulatory
status in postnatally repaired patients, it is imperative to consider
those alterations when consulting MMC-affected families.

Early reversal of posterior fossa crowding by fetal surgery may
be especially beneficial in these patients. Due to the high accuracy of
fetal MRI in assessing the level of vermian displacement, this imaging
method appears to be ideally suited to identify this subgroup of MMC
patients.

5 | STRENGTHS AND LIMITATIONS

This study is limited by the fact that not all of our cases systemati-
cally underwent fetal MRI at the time of data collection. In this re-
gard, some information was missing.

Since US is a widely accessible method for prenatal examination
purposes, it would have been interesting to compare our fetal MRI
results with well-structured and systematically assessed ultrasound
data. However, due to the retrospective design of our study, the
original ultrasound images were not accessible in most of our patients.

Furthermore, as data from a single center were included in this
study, the small sample size allowed the use of only descriptive
statistics.

The strength of our study is the long-term follow-up at a single
center, where all fetal MRI and functional neurological examinations
were conducted, and the use of a “historic” cohort that received high-

quality prenatal MRI and a high level of postnatal multidisciplinary
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care. This offers an important benchmark for prenatal surgery trials,
of which long-term follow-up data is soon expected. Moreover, our
data may serve as a reference in counseling families affected by
MMC.

6 | CONCLUSIONS

Fetal and postnatal MRI showed a good agreement in determining
the radiological MMC lesion level. However, major disagreement
between both examinations could be observed in patients with seg-
mentation disorders and scoliosis; thus, a prediction of the radio-
logical lesion level by either of these examinations is less reliable in
these cases.

Despite the fact that postnatal MRI is the gold standard in pre-
dicting the functional level of MMC patients, similar results were
provided by fetal MRI. Both examinations have a good predictive
value for the long-term ambulatory status in MMC patients. “Out-
liers” could be detected that showed patients with a worse or better
than expected ambulatory status. The absence of vermian displace-
ment is generally associated with a better outcome than that pre-
dicted by the assessment of the anatomical lesion level alone. The
presence of vermian displacement and callosal dysgenesis negatively

impact the long-term ambulatory status in some, but not all, cases.
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