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What are the novel findings of this work?
This is the largest follow-up study to date evaluating the
postnatal mortality and 30-month outcome of children
who underwent fully percutaneous fetoscopic repair of
myelomeningocele (MMC).

What are the clinical implications of this work?
Intrauterine repair of MMC by percutaneous fetoscopy,
and via hysterotomy, result in a remarkably good outcome
concerning mortality, prematurity, shunt-placement rates,
motor and mental development and free ambulation,
when compared to postnatal repair.

ABSTRACT

Objective This observational study reports on the
postnatal mortality and 30-month outcome of children
who underwent fully percutaneous fetoscopic repair of
myelomeningocele (MMC) at a single center in Giessen,
Germany.

Methods Between October 2010 and August 2014,
a total of 72 patients underwent fully percutaneous
fetoscopic MMC closure at 21 + 0 to 29 + 1 (mean,
23 + 5) weeks’ gestation. Of these, 52 (72%) participated
in this study; however, 30-month mortality data
are available for all 72 children. Children were
examined at four timepoints: shortly after birth and at
3 months, 12 months and 30 months of corrected age. The
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patients underwent age-specific standardized neurological
examinations and assessment of leg movements and
ambulation at all timepoints. Cognitive and motor
development were assessed using the Bayley Scales
of Infant Development, second edition (BSID-II), at
30 months.

Results All 72 children survived the intrauterine pro-
cedure, however, four (5.6%) infants died postnatally
(including two of the 52 comprising the study cohort).
Of the 52 patients included in the study, 11.5% were
delivered before the 30th week of gestation (mean,
33 + 1 weeks) and, of the survivors, 48.1% had ven-
triculoperitoneal shunt placement. Of the 50 infants that
were alive at 30 months, independent ambulation, without
orthosis, was feasible for 46%. At 30 months of follow-up,
46% of children presented with a functional level that was
at least two segments better than the anatomical level of
the lesion. At 30 months, 70% of the children presented
with BSID-II psychomotor development index score of
≥ 70 and 80% with BSID-II mental development index
score of ≥ 70.

Conclusion Intrauterine repair of MMC by percutaneous
fetoscopy shows largely similar outcomes to those
reported for open repair, with respect to mortality,
prematurity, shunt-placement rates, motor and mental
development and free ambulation. © 2020 The Authors.
Ultrasound in Obstetrics & Gynecology published by
John Wiley & Sons Ltd on behalf of International Society
of Ultrasound in Obstetrics and Gynecology.

© 2020 The Authors. Ultrasound in Obstetrics & Gynecology published by John Wiley & Sons Ltd ORIGINAL PAPER
on behalf of International Society of Ultrasound in Obstetrics and Gynecology.

https://orcid.org/0000-0002-2975-5007


114 Diehl et al.

INTRODUCTION

Since the 1980s, several studies have reported that the
leg movements of fetuses with myelomeningocele (MMC)
diminish continuously during pregnancy1. Additionally,
Arnold–Chiari malformation and hydrocephalus have
been reported to worsen during gestation in these cases2.
Eventually a two-hit hypothesis was proposed to explain
the sequelae of MMC; the first hit being the failure of the
neural tube to close and the second hit the exposure of
spinal neurons to neurotoxic agents in the amniotic fluid
and mechanical alteration of the myelon3,4. Based on this
theory, it was conceivable that early intrauterine repair
might improve postnatal outcome. In 2011, the results of
the Management of Myelomeningocele Study (MOMS)
were published5. This groundbreaking randomized trial
compared intrauterine MMC repair by open surgery, via
hysterotomy, with traditional postnatal surgery. Prenatal
repair was shown to reduce the need for shunt placement
by about 50% when compared to postnatal repair,
while independent walking increased from 24% in the
postnatal-repair group to 45% in prenatally operated
children5.

Recently, the 30-month outcome data for the
full MOMS cohort of 183 mother–child pairs were
published6. When compared to postnatal surgery, pre-
natal repair by open surgery via hysterotomy resulted
in a major improvement in independent ambulation and
functional level of paraparesis compared to anatomical
lesion level and Bayley Scales of Infant Development,
second edition (BSID-II)6. A recent meta-analysis, which
included the 30-months’ report of the MOMs trial6 and
one additional study, reported slightly lower rates of inde-
pendently walking children in the prenatal-repair group7.
It was calculated that to detect a 4% difference in neu-
rodevelopmental impairment between the prenatal- and
postnatal-repair groups, with 80% power and 5% type-1
error, 1886 patients per group would be needed7. This
underscores the fact that available data are vastly under-
powered to detect significant differences at this level8.
There is also a lack of studies comparing neurocogni-
tive outcome of children with spina bifida who undergo
surgery and those who do not7,8.

As open fetal surgery by hysterotomy is an invasive
procedure, fetoscopic surgical techniques aim to mini-
mize surgical trauma. Early endoscopic studies included
only a small number of patients and were complica-
tion prone9–12. Today, following significant technical
improvements and a steep learning curve of the surgi-
cal teams, fetoscopic fetal surgery is considered by some
authors to be on a par with open fetal surgery techniques,
even though controlled head-to-head comparisons are
still lacking13–15. It has also been shown that fetoscopic
intrauterine repair does not affect negatively fetal or post-
natal growth or fetal brain microstructure on magnetic
resonance imaging (MRI)13,16.

In the present observational study, we report the
30-month outcome of the patients who underwent percu-
taneous fetoscopic patch closure of MMC in Giessen,
Germany, between October 2010 and August 2014.

Details of the surgical procedures17, maternal manage-
ment and outcome18 and neurosurgical intervention in
the first postnatal year19 were published recently.

METHODS

The regional institutional ethics board of the University of
Giessen, Giessen, Germany, approved this observational,
single-center follow-up study of children who underwent
fetoscopic closure of their MMC at the University Hos-
pital of Giessen between October 2010 and August 2014
(#113/12). All parents of the children who participated
in this study provided written informed consent.

In the present study, we report perinatal mortality for
all 72 children who underwent fetoscopic repair during
the study period. Our follow-up protocol required the
parents and their children to visit the Giessen clinic
at all four study timepoints (shortly after birth and at
3 months, 12 months and 30 months of age), which was
not acceptable for 20 parents, mostly because of the
inconvenience of traveling. Of the remaining 52 patients,
two children died within the first month after birth;
therefore, 50 children completed the entire 30-month
study protocol. The protocol focused on: mortality, pre-
maturity, shunt-placement rate, independent ambulation
at 30 months, functional level of paraparesis compared
to anatomical lesion level and developmental and motor
outcome assessed by the BSID-II20.

The fetal eligibility criteria for prenatal fetoscopic
MMC closure were: (1) no major anomaly detectable on
prenatal ultrasound, besides MMC and associated cranial
abnormalities; (2) normal karyotype, if available; (3)
defect located between vertebrae T1 and S1; (4) cerebral
ventricles ≤ 16 mm; and (5) no severe kyphoscoliosis17.
On ultrasound assessment, all included children had
preserved or largely retained feet and knee movements
prior to the fetoscopic intervention. However, normal
leg function and foot position were not obligatory
eligibility criteria for this procedure. Maternal eligibility
criteria for the procedure were: (1) body mass index
(BMI) ≤ 45 kg/m2, if the placenta was posterior; (2) BMI
≤ 35 kg/m2, if the placenta was anterior; (3) cervical length
≥ 15 mm; (3) singleton pregnancy; (4) no placenta previa;
(5) no known coagulation disorder; and (6) no active
hepatitis or HIV infection17.

Details of the surgical procedures have been described
before17. Intrauterine percutaneous fetoscopic repair of
MMC was performed between 21 + 0 and 29 + 1 (mean,
23 + 5) weeks of gestation. Lesion levels ranged from T11
to S1.

Need for ventriculoperitoneal (VP) shunt placement
within 1 year after birth was determined using the criteria
provided in the MOMS trial5. At least two of the
following criteria had to be present for shunt placement:
(1) an increase in the greatest occipitofrontal circum-
ference adjusted for gestational age, defined as crossing
percentiles; patients who crossed percentiles and subse-
quently plateaued did not meet this criterion; (2) a bulging
fontanel (defined as above the bone, assessed when the
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baby is in an upright position and not crying) or split
sutures or sun-setting sign (eyes appear to look downward
with the sclera prominent over the iris); (3) increasing
hydrocephalus on consecutive imaging studies, deter-
mined by increase in the ratio of biventricular diameter to
biparietal diameter, according to the method of O’Hayon
et al.21; or (4) head circumference > 95th percentile for
gestational age. Alternatively, a single criterion from the
following prompted VP shunting: (1) presence of marked
syringomyelia (syrinx with expansion of spinal cord)
with ventriculomegaly; (2) ventriculomegaly (undefined)
and symptoms of Chiari malformation (stridor, swal-
lowing difficulties, apnea, bradycardia); or (3) persistent
cerebrospinal fluid leakage from the MMC wound.

Follow-up examination

We report follow-up data for the 52 patients who agreed
to the study protocol and participated in the study.
These children were born between January 2011 and
November 2014. Two children (2/52) died in the first
month after birth (Figure 1). Examinations took place
shortly after birth, at 3 months, at 12 months and at
30 months of age, with all timepoints corrected for
gestational age. BSID-II assessment was performed at
30 months only. Examinations included detailed history,
clinical neurological examination, video documentation
of leg movements and ambulation, and additionally, a
cranial ultrasound and an ultrasound of the kidneys and
urinary tract. The timing of the examinations and the
criteria were chosen in parallel to the MOMS trial5.

The BSID-II is a widely used developmental assessment
battery developed by Nancy Bayley20. The test is com-
posed of three parts: a test scale on mental development
(MDI), a scale on psychomotor development (PDI) and a
behavioral assessment, which is not entered into a speci-
fied scale. The test is a used standard in many countries to
measure development in children at risk for developmental
problems (e.g. after prematurity or multiple pregnancy).
A score of ≥ 70 is the limit for normal development. The
Bayley scales were also used in the MOMS trial5,6. In
our institution, it was applied by three specifically trained
psychologists with extensive experience.

In addition, the patients underwent age-specific
standardized neurological examinations. Muscle strength
was graded on a scale from 0 to 5: 0, no movement at
all; 1, trace of movement; 2, movement without gravity;
3, movement against gravity; 4, movement against resis-
tance; and 5, normal strength. A score of at least 3 was
needed for the functional level to be assigned12. In short12,
hip flexion corresponded to L1–L2, knee extension to
L3–L4, ankle dorsiflexion to L4–L5, toe extension to
L5–S1 and ankle plantarflexion to S1–S2. The anatom-
ical level of the lesion was determined by fetal ultrasound
(in 100% of children) and MRI of the spinal cord in the
first year of age (in 85% of children). The neuromotor
function of the patients was determined by the difference
between the functional level and anatomical level of
the lesion.

Statistical analysis

Statistical analysis was performed using R-project
software, version 3.5.2 (R Foundation for Statistical
Computing, Vienna, Austria)22. Categorical data are
presented as n (%) and continuous data as mean ± SD.
The results of the subgroup analysis were compared
using odds ratios (OR) including 95% CI for categorical
data based on Fisher’s exact test or differences in mean
and 95% CI, based on Student’s t-test for normally dis-
tributed, continuous data. Mantel–Haenszel chi-square
test with continuity correction was used for the subgroup
analyses. Due to the exploratory nature of the analysis,
no correction for multiple testing was applied and the
focus lies upon the effect size.

RESULTS

Baseline characteristics of the 52 patients who participated
in the study are shown in Table 1. In most respects, there
is no notable difference in the level of the lesion, severity
of medulla oblongata herniation, maternal BMI and age,
placental position and gender between our cohort and
those of other series5,13. However, foot deformities were
documented in only 22% of fetuses in our series and a
clubfoot in only two cases, which is much lower than that

Underwent fully percutaneous fetoscopic repair of MMC
(n = 72)

Consented to study
(n = 52)

Did not consent to study
(n = 20)

Neurologic follow-up
not available

(n = 18)

Died within 2 months
after birth

(n = 2)

Attended 30-month
follow-up
(n = 50)

Died within 1 month
after birth

(n = 2)

Figure 1 Flowchart showing inclusion in 30-month follow-up study of patients who underwent fully percutaneous fetoscopic repair of
myelomeningocele (MMC) at University Hospital of Giessen, Germany, between October 2010 and August 2014.
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reported in other cohorts. This is because our cohort had
preserved or largely retained feet and knee movements
prior to the fetoscopic intervention, even though this was
not a prerequisite for the procedure.

Infant mortality

Of the 72 patients who underwent intrauterine fetoscopic
repair of their MMC between October 2010 and August
2014, four (5.6%) died in the first weeks after birth:
one due to prematurity-related complications, two due to
brainstem and Chiari malformation and one of trisomy
13, which was diagnosed in retrospect as the parents did
not agree to prenatal karyotyping, despite our strong
recommendation to perform it. The death of the latter
child was in no recognizable context related to the
conducted procedure and most likely represented the
natural course of trisomy 13. All four children survived
the fetoscopic procedure. Two of the deceased children
belonged to the group of 52 patients who participated in
the 30-month follow-up study.

Prematurity

Mean gestational age at delivery was 33 + 1 weeks, rang-
ing from 27 + 5 to 38 + 3 weeks, in our cohort. Altogether
11.5% of children were delivered before the 30th week of
gestation, which is in line with other reported series5,13.

Need for shunt placement

Of the 52 patients included in the study, 22 received a
VP shunt within the first 12 months of age. In parallel
with the composite outcome of death or VP shunting
used in the MOMS study5,6, adding to this number the
four deceased children (Figure 1) who did not undergo
shunting would result in 26 of 54 (48.1%) infants in our
cohort nominally receiving a VP shunt.

Table 1 Baseline characteristics of 52 fetuses that underwent fully
percutaneous fetoscopic repair of myelomeningocele

Characteristic Value

Gestational age at surgery (weeks) 23.69 ± 1.83
Maternal age at surgery (years) 31.58 ± 4.79
Maternal BMI at surgery (kg/m2) 26.27 ± 3.71
Female fetal sex 27 (51.9)
Cervical length on TVS (cm) 4.23 ± 0.76
Anterior placenta 20 (38.5)
Level of lesion

Thoracic 2 (3.8)
L1–L2 12 (23.1)
L3–L4 20 (38.5)
L5–S1 18 (34.6)

Lesion level ≤ L3 38 (73.1)
Clubfoot 2 (3.8)
Severe hindbrain herniation 13 (25.0)

Data are given as mean ± SD or n (%). BMI, body mass index;
TVS, transvaginal ultrasound.

Thirty-month follow-up

The outcome data at 30 months are presented in Table 2.
The mental development of the children was evaluated

using the BSID-II MDI. At 30 months, of the 50 patients
who were alive, 46 (92%) had a MDI ≥ 50, 40 (80%) a
MDI ≥ 70 and 36 (72%) a MDI ≥ 85.

With respect to motor development, 37 (74%) patients
presented with a BSID-II PDI ≥ 50, 35 (70%) with a
PDI ≥ 70 and 22 (44%) with a PDI ≥ 85. A PDI of
≥ 70 is considered normal, which therefore accounts for
70% of the children that underwent intrauterine repair
of MMC. A functional lesion level ≥ 2 segments better
than anatomically expected was observed in 46% of
our patients and one segment better than anatomically
expected in 34%. A functional level ≥ 2 segments worse
than anatomically expected was found in only one (2%)
patient (Table 3).

Table 2 Outcome at 30 months of 50 infants that underwent fully
percutaneous fetoscopic repair of myelomeningocele

Outcome Value

BSID-II mental development index 93.64 ± 17.43
BSID-II mental development index

≥ 50 46 (92.0)
≥ 70 40 (80.0)
≥ 85 36 (72.0)

Difference between motor function and
anatomical level of lesion

1.7 ± 1.59

≥ Two levels better 23 (46.0)
One level better 17 (34.0)
No difference 9 (18.0)
One level worse 0 (0)
≥ Two levels worse 1 (2.0)

BSID-II psychomotor development index
Mean 78.08 ± 20.0
≥ 50 37 (74.0)
≥ 70 35 (70.0)
≥ 85 22 (44.0)

Walking status
Not walking independently 8 (16.0)
Walking with orthotics or devices 19 (38.0)
Walking independently 23 (46.0)

Data are given as mean ± SD or n (%). BSID-II, Bayley Scales of
Infant Development, second edition.

Table 3 Difference between motor function and anatomical level of
lesion shortly after birth and at 3, 12 and 30 months of corrected
age, in 50 infants that underwent fully percutaneous fetoscopic
repair of myelomeningocele and were alive at 30 months

Difference in
anatomical vs
functional level

Shortly
after
birth

At
3 months

At
12 months

At
30 months

≥ Two levels worse 0 (0) 0 (0) 1 (2) 1 (2)
One level worse 0 (0) 0 (0) 0 (0) 0 (0)
No difference 7 (14) 6 (12) 6 (12) 9 (18)
One level better 14 (28) 14 (28) 14 (28) 17 (34)
≥ Two levels better 29 (58) 30 (60) 29 (58) 23 (46)

Data are given as n (%).
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Unaided independent ambulation (i.e. without orthosis)
at 30 months was feasible for 46% of our cohort.
Independent walking aided by orthosis was possible for
38% of patients, while 16% of children remained unable
to walk independently (with or without orthotics). In
our cohort, besides talipes equinovarus (clubfoot), pes
adductus (sickle foot), pes calcaneus and split foot were
quantified. A clubfoot was diagnosed if the adducted
foot could not be freely redressed to a normal position.
If careful manual redression was easily possible by the
investigator, a pes adductus was diagnosed. A clubfoot
was found in 4% of our cases and foot deformities were
documented in 22%.

Subgroup analysis

A subgroup analysis was performed to evaluate the
interaction of (1) independent ambulation, (2) difference
between anatomical and functional level of the lesion and
(3) BSID-II PDI ≥ 70 and MDI ≥ 70 with the superior
level of the MMC lesion (T1–L2 vs L3–S1) and the
need for VP shunt placement. Children with a low-level
lesion (L3–S1), had a significantly higher probability of
independent ambulation than those with a higher (T1–L2)
lesion (OR, 22.30; 95% CI, 2.80–1039.81; P = 0.0004).
In our cohort, 57% of children without VP shunt
placement by 12 months of age acquired independent
ambulation by 30 months vs 32% of children with a VP
shunt (OR, 2.795; 95% CI, 0.773–10.937; P = 0.092).
In addition, 85.7% of 28 children without a VP shunt
presented with a PDI score ≥ 70 vs only 36.4% of
those with a shunt (OR, 9.9; 95% CI, 2.285–54.22;
P = 0.0004). A MDI score ≥ 70 was reached by 96.4% of
children without a VP shunt vs 86.4% of those with a VP
shunt (OR, 4.14; 95% CI, 0.306–231.59; P = 0.307).

DISCUSSION

To date, this is the largest study to report on the postnatal
mortality and 30-month outcome of children who
underwent fully percutaneous fetoscopic repair of MMC.
Open intrauterine MMC repair has been shown to result
in a significant improvement of long-term milestones
when compared to postnatal repair5–7. Drawbacks of
this approach include an increased risk for thinning of the
hysterotomy scar and the need for Cesarean section. A
fetoscopic approach offers reduced invasiveness, basically
eliminating the risk of uterine rupture and providing
an option for vaginal delivery. Controlled head-to-head
outcome comparisons of these two techniques are lacking.
Retrospective case series are difficult to compare because
of diverging inclusion criteria, employed techniques and
experience of the surgical teams. This observational study
shows that intrauterine MMC repair by percutaneous
fetoscopy results in an outcome improvement that seems
to lie in the range of results reported for open intrauterine
repair.

The mortality of patients with MMC has been reduced
drastically during the last decades. In 1972, Lorber23

reported that 22% of a cohort of 270 patients with spina
bifida cystica died within the first 4 weeks after birth.
The MOMS study reported a perinatal mortality of 4.4%
in the prenatal-repair and 3.3% in the postnatal-repair
group. A recent report by a consortium of six centers13,
one of which offered a percutaneous approach, reported
an averaged mortality rate of around 4%. In our cohort,
the mortality rate was 5.6%, which is roughly in line with
these findings.

Our cohort of fetoscopically treated infants had a
shorter mean pregnancy duration compared with the
children in the MOMS trial who underwent prenatal open
repair via hysterotomy (33 + 1 vs 34 + 1 weeks; differ-
ence, 1.43 weeks; 95% CI, 0.36–2.5 weeks; P = 0.009)5.
The number of children in our cohort who were delivered
before the 30th week of gestation was similar to that in the
MOMS prenatal-repair group (MOMS 13% vs Giessen
11.5%; OR, 0.85; 95% CI, 0.24–2.67; P = 1). The report
of the International Fetoscopic Myelomeningocele Repair
Consortium reported a rate of about 13% for delivery
< 30 weeks of gestation13. It is known that prematurity
is an important risk factor for long-term postnatal
development in both early and late preterm infants24,25.
Improving the rate of prematurity should therefore be
a major aim for future studies. Promising possibilities
may include the use of humidified and heated CO2 for
insufflation, amongst other technical variations13.

The need for a VP shunt is one of the most common
complications in patients with MMC. In a British
long-term study of patients born with open spina bifida26,
84% had a shunt at a mean age of 30 years, which is com-
parable to the 82% rate of shunt placement by the age of
12 months seen in the postnatally operated group of the
MOMS trial, and hints to a shunting need predominantly
in the first 12 months5,27. The MOMS study found a
dramatically improved shunting rate of 43% in the prena-
tally operated group5,27. The VP shunt rate in our cohort
was slightly higher, at 48%. In general, it is not easy to
compare the rate of shunt placement between different
cohorts. The MOMS trial employed an interdisciplinary
panel of physicians who made the final decision on the
need for VP shunt placement. We tried to reproduce
the outlined criteria for shunt placement reported in the
MOMS trial, however, there remains some room for inter-
pretation on several features, such as bulging fontanel.
The Consortium study13 reported a VP shunt rate of
47% for a group of children who underwent intrauterine
repair by a fully percutaneous approach like ours. A
smaller number of children who underwent intrauterine
repair using a hybrid approach (i.e. fetoscopic repair on
an exteriorized uterus) showed even better results13.

The anatomical level of the lesion is considered one
of the key factors in predicting the neuromotor outcome
of a child with MMC. In our cohort, 46% of children
presented with a functional level of two segments better
than anatomically expected and 34% with one level better
than anatomically expected. A motor level of ≥ 2 levels
worse than anatomically expected was found in only 2%
of cases. These findings were paralleled by the results
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of the BSID-II PDI assessment, according to which 37
patients presented with a PDI ≥ 50, 35 with a PDI ≥ 70
and 22 with a PDI ≥ 85.

Independent unaided ambulation (i.e. without orthosis)
at 30 months of age was feasible for 46% of our cohort
and independent walking aided by orthotic devices was
possible for an additional 38% of children. The rate of
children who remained unable to walk independently
amounted to 16% in our cohort. These numbers,
however, cannot be easily compared with the results of
any other trial or series. In our cohort, largely preserved
movement of legs and feet was observed in all fetuses at
the time of fetoscopic repair. This could bias our results
towards a more positive outcome when compared to the
results of other trials, in which some fetuses presented
with markedly reduced, or even absent, legs and feet
mobility5,6. Moreover, we found that children without
a VP shunt were more likely to acquire independent
ambulation and present with a PDI score ≥ 70 at
30 months compared with those that received a VP shunt.
This is in line with findings in children that underwent
open intrauterine repair of MMC5,6.

A limitation of this study, besides its observational
nature, is the lack of sufficient data on bladder function.
Urologic follow-up of our cohort was not part of our
study protocol and therefore was performed close to the
home of the children, without following a standardized
protocol. A long-term follow-up of urologic function
at school age together with a spinal MRI to assess
tethering is pending. In the presented study, a ventricular
width ≤ 16 mm prior to intrauterine repair was an
eligibility criterion and all fetuses had preserved or largely
retained feet and knee movements prior to fetoscopic
intervention (even though this was not a prerequisite
for the procedure). This has to be considered when
comparing our results to other series as it may bias our
results towards a more positive outcome.

In conclusion, prenatal repair of MMC by fully percuta-
neous fetoscopy shows similar outcomes to those reported
for open intrauterine repair, with respect to improved
mortality, prematurity and shunt-placement rates and
motor and mental development at 30 months of age.

ACKNOWLEDGMENT

We thank the children and their families who took part
in this study.

REFERENCES

1. Korenkomp M, Van Gool J, Bruinese H, Kriek R. Early fetal leg movements in
myelomeningocele. Lancet 1986; 1: 917–918.

2. Heffez DS, Aryanpur J, Hutchins GM, Freeman JM. The paralysis associated with
myelomeningocele: clinical and experimental data implicating a preventable spinal
cord injury. Neurosurgery 1990; 26: 987–992.

3. Stiefel D, Copp AJ, Meuli M. Fetal spina bifida in a mouse model: loss of neural
function in utero. J. Neurosurg 2007; 106: 213–221.

4. Heffez DS, Aryanpur J, Rotellini NA, Hutchins GM, Freeman JM. Intrauterine repair
of experimental surgically created dysraphism. Neurosurgery 1993; 32: 1005–1010.

5. Adzick NS, Thom EA, Spong CY, Brock JW3, Burrows PK, Johnson MP, Howell LJ,
Farrell JA, Dabrowiak ME, Sutton LN, Gupta N, Tulipan NB, D’Alton ME, Farmer
DL, MOMS Investigators. A randomized trial of prenatal versus postnatal repair of
myelomeningocele. N Engl J Med 2011; 364: 993–1004.

6. Farmer DL, Thom EA, Brock JW 3rd, Burrows PK, Johnson MP, Howell LJ, Farrell
JA, Gupta N, Adzick NS; Management of Myelomeningocele Study Investigators. The
Management of Myelomeningocele Study: full cohort 30-month pediatric outcomes.
Am J Obstet Gynecol 2018; 218: 256.e1–13.

7. Inversetti A, Van der Veeken L, Thompson D, Jansen K, Van Calenbergh F,
Joyeux L, Bosteels J, Deprest J. Neurodevelopmental outcome of children with spina
bifida aperta repaired prenatally vs postnatally: systematic review and meta-analysis.
Ultrasound Obstet Gynecol 2019; 53: 293–301.

8. Bebbington M. Management of prenatally diagnosed spina bifida: how do we move
ahead? Ultrasound Obstet Gynecol 2019; 53: 287–289.

9. Bruner JP, Tulipan NE, Richards WO. Endoscopic coverage of fetal open
myelomeningocele in utero. Am J Obstet Gynecol 1997; 176: 256–257.

10. Kohl T, Tchatcheva K, Merz W, Wartenberg HC, Heep A, Müller A, Franz A,
Stressig R, Willinek W, Gembruch U. Percutaneous fetoscopic patch closure of
human spina bifida aperta: advances in fetal surgical techniques may obviate the need
for early postnatal neurosurgical intervention. Surg Endosc 2009; 23: 890–895.

11. Kohl T, Hering R, Heep A, Schaller C, Meyer B, Greive C, Bizjak G, Buller T,
Van de Vondel P, Gogarten W, Bartmann P, Knopfle G, Gembruch U. Percutaneous
fetoscopic patch coverage of spina bifida aperta in the human: early clinical experience
and potential. Fetal Diagn Ther 2006; 21: 185–193.

12. Verbeek RJ, Heep A, Maurits NM, Cremer R, Hoving EW, Brouwer OF, van
der Hoeven JH, Sival DA. Fetal endoscopic myelomeningocele closure preserves
segmental neurological function. Dev Med Child Neurol 2012; 54: 15–22.

13. Sanz Cortes M, Lapa DA, Acacio GL, Belfort M, Carreras E, Maiz N, Peiro JL,
Lim FY, Miller J, Baschat A, Sepulveda G, Davila I, Gielchinsky Y, Benifla M,
Stirnemann J, Ville Y, Yamamoto M, Figueroa H, Simpson L, Nicolaides KH.
Proceedings of the First Annual Meeting of the International Fetoscopic Myelo-
meningocele Repair Consortium. Ultrasound Obstet Gynecol 2019; 53: 855–863.

14. Lapa DA. Endoscopic fetal surgery for neural tube defects. Best Pract Res Clin Obstet
Gynaecol 2019; 58: 133–141.

15. Joyeux L, De Bie F, Danzer E, Russo FM, Javaux A, Peralta CFA, De Salles AAF,
Pastuszka A, Olejek A, Van Mieghem T, De Coppi P, Moldenhauer J, Whitehead
WE, Belfort MA, Lapa DA, Acacio GL, Devlieger R, Hirose S, Farmer DL, Van
Calenbergh F, Adzick NS, Johnson MP, Deprest J. Learning curves of open and
endoscopic fetal spina bifida closure: systematic review and meta-analysis. Ultrasound
Obstet Gynecol 2020; 55: 730–739.

16. Sanz Cortes M, Torres P, Yepez M, Guimaraes C, Zarutskie A, Shetty A, Hsiao A,
Pyarali M, Davila I, Espinoza J, Shamshirsaz AA, Nassr A, Whitehead W, Lee W,
Belfort MA. Comparison of brain microstructure after prenatal spina bifida repair by
either laparotomy-assisted fetoscopic or open approach. Ultrasound Obstet Gynecol
2020; 55: 87–95.

17. Kohl T. Percutaneous minimally invasive fetoscopic surgery for spina bifida aperta.
Part I: surgical technique and perioperative outcome. Ultrasound Obstet Gynecol
2014; 44: 515–524.

18. Degenhardt J, Schürg R, Winarno A, Oehmke F, Khaleeva A, Kawecki A,
Enzensberger C, Tinneberg HR, Faas D, Ehrhardt H, Axt-Fliedner R, Kohl T.
Percutaneous minimal-access fetoscopic surgery for spina bifida aperta. Part II:
maternal management and outcome. Ultrasound Obstet Gynecol 2014; 44: 525–531.

19. Graf K, Kohl T, Neubauer BA, Dey F, Faas D, Wanis FA, Reinges MH, Uhl E,
Kolodziej MA. Percutaneous minimally invasive fetoscopic surgery for spina bifida
aperta. Part III: neurosurgical intervention in the first postnatal year. Ultrasound
Obstet Gynecol 2016; 47: 158–161.

20. Bayley N. Manual for the Bayley Scales of Infant Development, (2nd edn). The
Psychological Corporation: San Antonio, TX, USA, 1993.

21. O’Hayon BB, Drake JM, Ossip MG, Tuli S, Clarke M. Frontal and occipital horn
ratio: A linear estimate of ventricular size for multiple imaging modalities in pediatric
hydrocephalus. Pediatr Neurosurg 1998; 29: 245–249.

22. R Core Team. R: A language and environment for statistical computing. R Foundation
for Statistical Computing: Vienna, Austria, 2018. https://www.R-project.org/.

23. Lorber J. Spina bifida cystica. Results of treatment of 270 consecutive cases with
criteria for selection for the future. Arch Dis Child 1972; 47: 854–873.

24. Twilhaar ES, Wade RM, de Kieviet JF, van Goudoever JB, van Elburg RM,
Oosterlaan J. Cognitive Outcomes of Children Born Extremely or Very Preterm
Since the 1990s and Associated Risk Factors: A Meta-analysis and Meta-regression.
JAMA Pediatr 2018; 172: 361–367.

25. Woythaler M. Neurodevelopmental outcomes of the late preterm infant. Semin Fetal
Neonatal Med 2019; 24: 54–59.

26. Oakeshott P, Hunt GM. Long-term outcome in open spina bifida. Br J Gen Pract
2003; 53: 632–636.

27. Tulipan N, Wellons JC 3rd, Thom EA, Gupta N, Sutton LN, Burrows PK, Farmer D,
Walsh W, Johnson MP, Rand L, Tolivaisa S, D’alton ME, Adzick NS; MOMS
Investigators. Prenatal surgery for myelomeningocele and the need for cerebrospinal
fluid shunt placement. J Neurosurg Pediatr 2015; 16: 613–620.

© 2020 The Authors. Ultrasound in Obstetrics & Gynecology published by John Wiley & Sons Ltd Ultrasound Obstet Gynecol 2021; 57: 113–118.
on behalf of International Society of Ultrasound in Obstetrics and Gynecology.

https://www.R-project.org/

