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Abstract: Fetal surgery is a relatively new field of medicine. The purpose of this narrative review is
to present the history of how fetal surgery became the standard of care for myelomeningocele (MMC),
the current controversies of this treatment, and active areas of research that may change how MMC is
treated. Fetal surgery for MMC emerged out of the University of California, San Francisco in the 1980s
in the laboratory of Dr. Michael Harrison. Initial research focused on testing the hypothesis that the in
utero repair of MMC could improve outcomes in the ovine model. Evidence from this model suggested
that in utero repair decreases the secondary damage to the exposed neural tissue and improves post-natal
neurologic outcomes, opening the door for human intervention. This was followed by the Management of
Myelomeningocele Study (MOMS), which was a multicenter randomized controlled trial comparing the
prenatal versus postnatal MMC repair. The MOMS trial was stopped early due to the improved outcomes of
the prenatal repair, establishing the open fetal MMC repair as the standard of care. Since the MOMS trial,
two primary areas of controversy have arisen: the operative approach and criteria for the repair. The three
operative approaches include open, endoscopic and a hybrid approach combining open and endoscopic.
Several of the inclusion and exclusion criteria from the MOMS trial have been challenged, to include body
mass index, gestational diabetes, other fetal abnormalities, maternal infections and Rh alloimmunization.
New areas of research have also emerged, exploring cell based therapies to improve fetal outcomes,

alternatives to fetal surgery and alternatives to primary skin closure of the fetus.
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Introduction

Fetal surgery is an extraordinary field of medicine that
emerged in the 1980s. With advancements in fetal
diagnosis and therapy, myelomeningocele (MMC) became
an indication for fetal repair for qualifying patients. The
objective of this narrative review is to present the history of
tetal surgery for MMC, followed by the outcomes, current
controversies and active areas of research of the fetal MMC
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repair. We present the following article in accordance with
the Narrative Review reporting checklist (available at http://
dx.doi.org/10.21037/tp-20-87).

Methods

A literature search was performed on PubMed and
Google Scholar using the terms “history of fetal surgery”,

” o«

“fetal treatment of myelomeningocele”, “management of
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myelomeningocele study” and “fetal myelomeningocele
research”. A search on ClinicalTrials.gov was also
performed using the search term “myelomeningocele”.
Articles from the Management of Myelomeningocele Study
(MOMS) were selected for the review of the history of the
fetal MMC repair. Articles on the fetal MMC repair outside
of the MOMS trial were selected to benchmark the MOMS
trial outcomes. Articles published after the MOMS trial and
differing from the standard established in the MOMS trial
were selected as the current controversies. Articles after
the MOMS trial that are researching novel methods for
treatment of fetal MMC were selected for the review of the
future direction of the fetal repair.

Discussion
The bistory

The field of fetal surgery emerged after ultrasonography
allowed clinicians to evaluate the fetus iz utero, a domain
that was previously inaccessible. With this new technology,
fetal anatomic abnormalities could now be diagnosed
prenatally, raising the possibility of also intervening
prenatally to improve clinical outcomes. When Dr.
Harrison was a Resident caring for a neonate with a
congenital diaphragmatic hernia (CDH), who later died due
to the poor underlying pulmonary physiology, he, like many,
wondered “...[if] the baby died because the lung was too
small, and the lung was too small because it was not able to
grow adequately before birth, ... [then] the only way to save
the baby after birth [is] to fix the anatomic defect before
birth” (1). After completing Residency and Fellowship
training, Dr. Harrison joined Dr. Alfred De Lorimier at the
University of California, San Francisco (UCSF), where Dr.
De Lorimier had developed a fetal ovine model for CDH (2).

UCSF became the epicenter for fetal surgical research.
The first experiments investigating fetal intervention
were performed in the fetal ovine model evaluating the
efficacy of the in utero treatment of CDH, urinary tract
obstructions and hydrocephalus in 1980 (1). However, the
maternal safety of the in utero intervention could not be
assessed in the ovine model, as the sheep uterus differs from
the human uterus in that it is less susceptible to preterm
labor with intervention (1). Thus, the maternal safety of a
fetal intervention was subsequently evaluated in the most
rigorous model possible, a non-human primate (macaque
monkey) model in 1981 (1).

The first human in utero intervention was performed for
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a urinary tract obstruction at UCSF in 1982. The success
of this intervention propagated tremendous enthusiasm and
media attention for this exciting new field, though there
were concerns of quick adoption without first establishing
the safety and efficacy of the intervention in humans,
lack of ethical guidelines for intervention and a need for
a collaborative nature in the field (1). This prompted an
international meeting with leaders in the field to discuss
these issues in 1982. From this meeting, it was agreed upon
that fetal interventions would only be attempted for lethal
diseases where the pathophysiology of the disease was
understood and that interventions would be performed with
strict adherence to ethical guidelines (1,3). This meeting
was called the International Fetal Medicine and Surgery
Society (IFMSS) and continues to be held yearly.

As maternal safety of the fetal intervention improved,
diseases that cause severe morbidity were then considered
for fetal intervention. One of the non-lethal diseases
investigated for fetal intervention was MMC. Dr. Michejda
had the idea of prenatally repairing the MMC defect and
began investigating potential fetal interventions in the early
1980s (4-6). Building on Dr. Michejda’s idea, Drs. Martin
and Claudia Meuli, two visiting research fellows from
Switzerland, joined Drs. Harrison and N. Scott Adzick’s
research laboratory at UCSF and also began investigating
the fetal repair of MMC. Dr. Maria Michejda observed that
the neurologic damage from MMC appeared to be primarily
from the secondary injury and destruction of the exposed
neural tissue. They showed that the iz wurero repair could
improve the neurologic function in the ovine model. These
findings led to a fundamental change in the understanding
of the pathogenesis of open spinal dysraphism, and were
subsequently published in Nature Medicine (7). This
finding was then confirmed in human fetuses with MMC (8).
A second ovine MMC model, created by Dr. Diana Farmer
and colleagues, demonstrated that the hindbrain herniation
associated with the Arnold-Chiari II malformation could
also be reversed with the fetal repair (9). With these
translational breakthroughs of the potential benefits of
the in utero repair, the first human fetal MMC repair was
performed by Dr. Joseph Bruner at Vanderbilt University in
1997 (1,10). This was followed by a rapid worldwide clinical
expansion of human fetal surgery for the first non-lethal
indication, MMC, without clear knowledge of the maternal
and fetal risks and benefits. This led Dr. Farmer to propose
a randomized controlled trial which ultimately led to the
multi-center Management of Myelomeningocele Study

(MOMS) (11). The trial was funded in 2002 by the National
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Table 1 Summary of the infant outcomes from the Management of Myelomeningocele Study (MOMS) at 12 months, 30 months and school-age

(10-12,14-16)

12 months 30 months School-age

Variable

Fetal Post Fetal Post Fetal Post
Arnold-Chiari Il malformation 64% 96% - - 61% 87%
VP shunt placed 44.0% 83.7% - - 49% 85%
VP shunt revision 15.4% 40.2% - - 23% 60%
Independent ambulation - - 44.8% 23.9% 29% 11%
Ambulation with orthotics or devices - - 27.6% 35.2% 64% 69%
No ambulation - - 27.6% 40.9% 7% 20%
>2 level improvement in motor function compared to anatomic level - - 26.4% 11.4% - -
1 level improvement in motor function compared to anatomic level - - 11.5% 8% - -
Clean intermittent catheterization - - 38% 51% 61.5% 87.2%
Tethered cord release 8% 1% - - 27% 15%

Fetal = outcome from the fetal myelomeningocele repair, post = outcome from the postnatal myelomeningocele repair.

Institute of Health to rigorously compare the outcomes of
the prenatal versus postnatal MMC repair (1). The MOMS
trial was stopped early, after 8 years, by the Data Safety
and Monitoring Board due to demonstrated efficacy of
the prenatal repair. The MOMS trial, published in 2011
in the New England Journal of Medicine, established the
prenatal repair as the standard of care for select fetuses with
MMC. This milestone article by Dr. Adzick et al. provoked
a fundamental paradigm shift regarding the therapeutic
approach towards one of the most devastating non-lethal
malformations.

The fetal MMC repair outcomes from the MOMS trial

The outcomes from the MOMS trial are the standard by
which all novel fetal MMC repairs are compared. The
MOMS trial evaluated both maternal and fetal morbidity
and mortality perinatally, at 12 months, 30 months and
school-age (mean 7.8 years, range 5.9-10.3 years) (11-17).
In the MOMS trial, the mean duration of the fetal surgery
was 110.9 minutes and the mean duration of the uterine
surgery was 64.8 minutes (11). The infant outcomes from
the MOMS trial are summarized in Table 1.

In the MOMS trial, there was maternal morbidity
from the fetal MMC repair, beyond the risk of having an
operative procedure. This included an increased rate of
preterm births (81.3%), spontaneous membrane separation
(44.0%), spontaneous labor (42.9%), chorioamniotic
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membrane separation (33.0%), oligohydramnios (20.0%),
maternal transfusion at delivery (8.8%) and placental
abruption (6.6%) (14). Dehiscence, either partial or
complete, of the hysterotomy was noted in 11.4% of
patients at the time of Cesarean delivery around 37 weeks of
gestation (14). On further evaluation of the preterm births,
31.9% of the deliveries occurred between 35.0 and 36.6
weeks of gestation, 38.5% between 30.0 and 34.6 weeks of
gestations and 11.0% at less than 30 weeks of gestation (14).
Notably, the fetal MMC repair did not affect future fertility,
though there was a higher rate of preterm deliveries in
subsequent pregnancies compared to the postnatal repair
group (56.3% vs. 5.9%) (18).

For the fetus, the in utero repair decreased the frequency
and severity of the Arnold-Chiari II malformation. At
12 months of age, hindbrain herniation was present in 64%
of patients who underwent the fetal MMC repair, compared
to 96% of patients who under the postnatal repair (11).
Additionally, when present, the degree of hindbrain
herniation was less, with 36% having no herniation, 40%
having mild herniation, 19% having moderate herniation
and only 6% having severe herniation (11). This benefit
persisted at school-age, with 61% of prenatally repaired
patients having hindbrain herniation, compared to 87% of
the postnatal repair patients (12).

The fetal MMC repair also decreased
ventriculoperitoneal shunt placements and revisions when

compared to the postnatal MMC repair. When using the
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revised shunt placement criteria, by 12 months of age,
30.7% of the fetal MMC repairs met criteria and 44.0%
received a shunt, compared to 71.7% of the postnatal
surgery patients who met criteria and 83.7% who received
a shunt (17). Of these patients, only 15.4% required a
shunt revision by 1 year of age, compared to 40.2% of the
postnatal surgery patients (17). On further analysis, prenatal
ventricular size was a risk factor for meeting criteria for
shunt placement in the fetal MMC group. Only 20% of
patients with ventricles less than 10 mm required a shunt,
whereas 89.5% of patients with ventricles of at least 15mm
required a shunt (17). This suggests that the benefit of
decreasing shunt placement from the fetal MMC repair
may be limited in fetuses with ventricles greater than
15 mm (17,19). Notably, the need for shunt placement
did not affect the rate of independent ambulation,
functional level of improvement or cognitive development
at 30 months of age (13). The decreased need for shunt
placements and revisions for the prenatally repaired MMC
patients persisted at school-age, with 49% of patients
requiring a shunt, compared to 85% of the postnatally
repaired patients, and 23% needing shunt revision,
compared to 60% of the postnatally repaired patients (12).
Motor function was also improved with the fetal MMC
repair. When comparing the fetally repaired patients’
functional motor level to the anatomic level of the lesion at 30
months of age, 11.5% had 1 level of improvement and 26.4%
had at least 2 levels of improvement, compared to 8.0%
and 11.4% in the postnatal repair group, respectively (13).
At 30 months of age, 44.8% of the fetally repaired patients
walked independently, 27.6% required orthotics or devices
to walk and 27.6% did not walk, compared to 23.9%, 35.2%
and 40.9% in the postnatal surgery group, respectively (13).
"This comparative improvement persisted at school-age, with
29% of the fetally repaired patients walking independently,
64% ambulating with orthotics or an assistive device and
only 7% unable to walk, compared to 11%, 39% and 20%
in the postnatal surgery group respectively (12).
Additionally, there were improvements in the urologic
outcomes with the fetal MMC repair at school-age.
While there are limited short term improvements in
urologic outcomes with no decrease in the need for clean
intermittent catheterization (CIC) at 30 months of age, by
school-age an improvement is demonstrated with 61.5% of
the prenatal MMC repair patients required CIC, compared
to 87.2% of the postnatally repaired patients (15,16).
Additionally, at school-age, there was an improvement in
volitional voiding, occurring in 24.0% of prenatally repaired
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patients, compared to only 4.2% of postnatally repaired
patients (16). There was also a decrease in post-void residual
volume with the prenatal MMC repairs compared to the
postnatal MMC repairs (16).

There is an increased need for tethered cord release with
the fetal MMC repair compared to the postnatal repair.
While there was no difference in the need for intervention
at 12 months, at school-age, 27% of prenatally repaired
patients required a tethered cord release compared to 15%
of the postnatally repaired patients (11,12).

The fetal MMC repair outcomes outside of the MOMS
trial

Outcomes of the fetal MMC repair from prior to the
MOMS trial, after the MOMS trial and European fetal
surgery centers all provide additional data not reported in
the MOMS trial and corroborate the results of the MOMS
trial.

A 10-year follow-up of a single institution’s cohort of
patients who underwent the fetal MMC repair prior to
the MOMS trial found that 88% of patients had some
ability to ambulate, 74% of patients required CIC, 59%
were enrolled in a bowel management program and more
children had impaired executive function when compared
to children without MMC (20). Though these patients
were older than those of the MOMS trial at the school-age
follow up, the rate of ambulation is similar and the need
for clean intermittent catherization is higher in this cohort
compared to the MOMS trial. An additional evaluation of
this same cohort demonstrated that 26% of the fetal surgery
patients developed an epidermal inclusion cyst, of which,
71% were symptomatic (21). Patients with a cyst were at
high risk of loss of bladder function and recurrence of either
another inclusion cyst or tethered cord syndrome requiring
surgical intervention (21). The development of inclusion
cysts was not included in the outcomes the MOMS trial,
however, data from the Zurich Center for Fetal Diagnosis
and Therapy in Europe corroborate these findings (22).

Data from the fetal MMC repair performed after the
MOMS trial are congruent with the outcomes of the
MOMS trial. Both the Children’s Hospital of Philadelphia
and Vanderbilt University published case series of fetal
repairs performed after the conclusion of the MOMS
trial, with mostly similar outcomes as those observed in
the MOMS trial (23-25). Additionally, at a fetal surgery
center not involved in the MOMS trial, the gestational age
at delivery and rate of hydrocephalus requiring shunting
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were similar to the MOMS trial (19). Importantly, the
Zurich Center for Fetal Diagnosis and Therapy in Europe
demonstrated comparable outcomes of the fetal MMC
repair to the MOMS trial (26,27). Finally, data from Poland
demonstrated improved urinary function in patients who
underwent the fetal MMC repair when compared to a
postnatal repair, similar to the MOMS trial results (28).
Taken together, these data indicate that the MOMS trial
outcomes are reproducible worldwide outside of the rigors
of a clinical trial.

Current controversies of the fetal MMC repair

There are two primary controversies with the fetal MMC
repair. The first is the surgical approach (open versus
fetoscopic), and the second are the inclusion and exclusion
criteria for the fetal repair.

The surgical approaches for the fetal MMC repair are
open, fetoscopic and a hybrid of the open and fetoscopic
repairs (29). The open approach is performed through a
maternal laparotomy followed by exteriorization of the
uterus and a hysterotomy. The fetoscopic approach is
performed by directly placing the fetoscopic ports through
the maternal abdominal wall and uterus. The hybrid
approach is performed through a maternal laparotomy
followed by exteriorization of the uterus, similar to the open
approach, however instead of performing a hysterotomy,
fetoscopic ports are then placed through the uterus. Before
the MOMS trial, both the open and fetoscopic approaches
were utilized. However, during the MOMS trial, fetal
MMC repairs were only being performed for patients
enrolled in the trial and all of the repairs were performed
with the open approach to ensure standardization of the
intervention (13). Since the conclusion of the MOMS
trial, the fetoscopic and hybrid approaches are being
performed, in addition to the open approach. A meta-
analysis comparing the various approaches demonstrates
that the fetoscopic repair, compared to the open repair,
requires increased revisions of the MMC site (28% wvs. 7%),
and increased rate of preterm births (96% vs. 81%) and
increased premature rupture of membranes (91% vs. 36%),
but decreased uterine dehiscence (0% vs. 11%) (30). While
the data on the fetoscopic repair are preliminary, there
is concern of the comparability of the fetoscopic repair
with the open repair. In one small study reporting on the
outcomes of 10 patients who underwent a hybrid approach,
there were some improved outcomes compared to the open
approach, such as a decreased rate of preterm births (10%
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vs. 81.3%), decreased rate of Cesarean deliveries (40%
vs. 100%), decreased uterine dehiscence (0% vs. 11.4%)
and decreased surgery for tethered cord (0% vs. 8%) (31).
There were similar rates of reversal of hindbrain herniation,
functional level of improvement and mortality (31).
However, the mean operative time was increased (246
vs. 110.9 minutes) and 10% of patients had a CSF leak at
birth (31). While these data on the hybrid approach are
promising, they are very preliminary and therefore may
not be truly representative of the outcomes. The fetoscopic
approaches tend to decrease maternal morbidity, however,
the comparability of outcomes for the fetus and child are
still undetermined.

The inclusion and exclusion criteria from the MOMS
trial established the standard of care, though some of these
criteria have been questioned. The MOMS trial inclusion
criteria are: a singleton pregnancy, MMC lesion between
T1 and S1 with hindbrain herniation, a gestational age of
19 weeks 0 days to 25 weeks 6 days, a normal karyotype
and a maternal age of at least 18 years (11). The MOMS
trial exclusion criteria are: maternal insulin-dependent
pregestational diabetes, short or incompetent cervix or
cervical cerclage, placenta previa or abruption, a body
mass index (BMI) of 35 kg/m’ or greater, a history of
preterm birth, maternal HIV, Hepatitis-B or Hepatitis-C
status positive, uterine anomaly, maternal condition that
is a contraindication to surgery or general anesthesia,
other fetal anomalies, kyphosis greater than 30 degrees,
maternal-fetal Rh isoimmunization, Kell sensitization or
a history of neonatal alloimmune thrombocytopenia, not
meeting psychosocial criteria and maternal hypertension
increasing the risk of preeclampsia or preterm delivery (11).
Reported rates of ineligibility for the MMC repair due to
the MOMS inclusion and exclusion criteria range from
34-56% (11,32,33). At the University of Texas at Houston,
Dr. KuoJen Tsao is performing a clinical trial to evaluate
the safety and efficacy of performing the fetal MMC repair
with patients with one of the following exclusion criteria:
BMI 35 to 45 kg/m’, diabetes with good glycemic control,
a history of a preterm birth as long as it was followed by
a full term birth, a minor fetal structural abnormality that
does not increase the risk of prematurity or maternal Rh
alloimmunization (34). Other institutions are offering the
fetal MMC repair to patients that have a BMI of up to
40 kg/m’, with one institution reporting an earlier
gestational age at delivery in these patients (35-38). Finally,
Moehrlen er al. have reported performing a fetal MMC
repair in a hepatitis-B positive mother, and the fetus
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remained hepatitis-B negative at a two year follow-up (39).

Future direction of the fetal MMC repair

There are many areas of active research aiming to improve
the outcomes of the fetal MMC repair. These include cell
based therapies, alternatives to fetal surgery and alternatives
to the standard surgical repair of the fetal spinal cord lesion.

Dr. Dario Fauza and colleagues at Boston Children’s
Hospital are investigating transamniotic stem cell therapy
(TRASCET) as an alternative to the open fetal MMC
repair (40). They have investigated the use of mesenchymal
stromal cells obtained from the amniotic fluid and the
placenta (41). In various small animal models, TRASCET
resulted in partial or complete skin coverage of the MMC
defect with a decrease in the Arnold-Chiari I malformation
(41-44). Further work is investigating the benefit of
repeated injections and efficacy of the intervention in a
large animal model (40,43).

Dr. Diana Farmer and colleagues at the University of
California, Davis are investigating augmenting the fetal
MMC repair with early gestation placental mesenchymal
stromal cells (PMSCs) to improve the neurologic outcomes.
The PMSCs are applied to the MMC defect in utero at the
time of the fetal repair (45,46). Both in vitro and in vive
studies have demonstrated neuroprotective capabilities of
the PMSCs resulting in a higher density of large motor
neurons in the exposed spinal cord tissue (47,48). In the
ovine MMC model, the higher large motor neuron density
correlates with a higher postnatal motor function, which
rescues ambulation in the lambs who would otherwise have
hindlimb paralysis (49-51). Criteria for selecting the PMSC
cell line are established, IND enabling studies have been
performed, FDA approval obtained, and a Phase I clinical
trial is planned for January 2021 (46).

Dr. Ramesha Papanna and colleagues at the University of
"Texas at Houston are investigating the use of cryopreserved
human umbilical cord as a skin patch for the fetal MMC
repair when primary closure is not possible. Use of the
human umbilical cord patch in the ovine MMC model
showed regeneration of the epidermal, dermal and
subcutaneous tissue layers, reversal of hindbrain herniation
and preserved neurologic function (52,53). The umbilical
cord patch was subsequently used in two human cases. Both
patients had an intact patch site with no CSF leakage, skin
growth 3 to 4 weeks postnatally and reversal of hindbrain
herniation (54).

Dr. Martin Meuli and colleagues in Switzerland are also
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investigating alternatives to primary fetal skin closure. In
the ovine MMC model, they found that an autologous fetal
skin graft transplanted #n utero healed with a close to normal
architecture (55). They are also investigating the use of
human amniotic stem cells to generate keratinocytes that
could be used to culture fetal epidermis for defect closure (56).
Finally, they have shown that pedicled random pattern
transposition flaps are helpful for skin defect coverage (57).
Dr. Alan Flake and colleagues at the Children’s Hospital
of Philadelphia are investigating the application of basic
fibroblast growth factors (bFGFs) delivered on a gelatin
scaffold as an alternative to primary closure of the fetal
MMC repair (58). This intervention was evaluated in the
rodent and ovine MMC model, and resulted in thicker
overlying tissue, complete skin closure ranging in 0-100%
of the animals depending on the composition of the
delivery vehicle and animal model used and a thicker
spinal cord when compared to no bFGFs (58,59). Further
areas of investigation include the efficacy of the bFGFs
on neurologic function, scaffold engineering to ensure
complete skin healing and the effects on tethered cord (58).

Conclusions

Taken together, experimental and clinical research efforts
over the last 40 years have contributed to a great deal of
pertinent improvements in diagnostic accuracy, operative
management and outcomes for patients with MMC. This
disorder has been transformed from one which was largely
neglected, to one which now has a significant improvement
with fetal treatment and is an active area of scientific
investigation. Current research efforts hold promise that this
devastating condition may be alleviated close to cure, so that

someday all children with MMC may live disability free lives.
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