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OBJECTIVE: To describe development of a two-port

fetoscopic technique for spina bifida repair in the

exteriorized, carbon dioxide-filled uterus and report

early results of two cohorts of patients: the first 15

treated with an iterative technique and the latter 13 with

a standardized technique.

METHODS: This was a retrospective cohort study (2014–

2016). All patients met Management of Myelomeningo-

cele Study selection criteria. The intraoperative approach

was iterative in the first 15 patients and was then stan-

dardized. Obstetric, maternal, fetal, and early neonatal

outcomes were compared. Standard parametric and

nonparametric tests were used as appropriate.

RESULTS: Data for 28 patients (22 endoscopic only, four

hybrid, two abandoned) are reported, but only those

with a complete fetoscopic repair were analyzed (itera-

tive technique [n510] compared with standardized tech-

nique [n512]). Maternal demographics and gestational

age (median [range]) at fetal surgery (25.4 [22.9–25.9]

compared with 24.8 [24–25.6] weeks) were similar, but

delivery occurred at 35.9 (26–39) weeks of gestation with

the iterative technique compared with 39 (35.9–40) weeks

of gestation with the standardized technique (P,.01).

Duration of surgery (267 [107–434] compared with 246

[206–333] minutes), complication rates, preterm prel-

abor rupture of membranes rates (4/12 [33%] compared

with 1/10 [10%]), and vaginal delivery rates (5/12 [42%]

compared with 6/10 [60%]) were not statistically different

in the iterative and standardized techniques, respectively.

In 6 of 12 (50%) compared with 1 of 10 (10%), respectively

(P5.07), there was leakage of cerebrospinal fluid from the

repair site at birth. Management of Myelomeningocele

Study criteria for hydrocephalus–death at discharge were

met in 9 of 12 (75%) and 3 of 10 (30%), respectively, and 7

of 12 (58%) compared with 2 of 10 (20%) have been

treated for hydrocephalus to date. These latter differ-

ences were not statistically significant.

CONCLUSION: Fetoscopic open neural tube defect

repair does not appear to increase maternal–fetal com-

plications as compared with repair by hysterotomy, al-

lows for vaginal delivery, and may reduce long-term

maternal risks.
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Open neural tube defect is associated with signif-
icant motor and cognitive impairment. The

Management of Myelomeningocele Study1 showed
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that prenatal open neural tube defect repair lowers the
risk of hydrocephalus and improves motor outcomes
at 30 months of age. The hysterotomy required is,
however, associated with significant maternal and
fetal risk making a less invasive method desirable.
Initial attempts at fetoscopic surgery in a gas-filled
uterus had poor outcomes (Bruner JP, Tulipan NE,
Richards WO. Endoscopic coverage of fetal open
myelomeningocele in utero [letter]. Am J Obstet Gy-
necol 1997;176:256–7)2,3 and led to abandonment of
this approach in the United States. Researchers in
Europe and Brazil4–6 developed percutaneous feto-
scopic techniques for open neural tube defect repair,
but these have been complicated by high rates of pre-
term prelabor rupture of membranes (PROM) before
32 weeks of gestation7,8 and by preterm delivery (Bru-
ner et al, Am J Obstet Gynecol).2–10 Currently there
are few data supporting an improved risk–benefit
profile for the fetoscopic compared with the open
uterus technique, and none of the published series has
allowed for vaginal delivery.

This study represents the clinical endpoint of
a program that was developed in an animal model11,12

and then advanced with the hope of developing a reli-
able, safe, fetoscopic technique in humans that affords
satisfactory fetal access, produces equivalent neuro-
surgical results to the open method, allows vaginal
delivery, and decreases the maternal and obstetric
risks of open fetal surgery. The aims of the current
study were to describe the progressive development
of our exteriorized uterus, carbon dioxide insufflation
fetoscopic technique (2011–2016) and to compare our
early experience (first 12 patients—iterative technique)
with our next 10 patients (standardized technique).
We also aimed to compare results with our standard-
ized technique with those from other groups perform-
ing fetoscopic open neural tube defect repair.

MATERIALS AND METHODS

This retrospective cohort study (per Strengthening the
Reporting of Observational Studies in Epidemiology
guidelines)13 included all fetoscopic procedures at our
center between April 2014 and September 2016
including those that were converted to open (hybrid;
n54) or abandoned (abandoned; n52). Oversight was
provided by the U.S. Food and Drug Administration,
Baylor College of Medicine institutional review board
(H-34680, H-38479), our Fetal Therapy Board, and
a Data Safety Monitoring Board. All patients agreed
to open fetal surgery before being offered the exper-
imental fetoscopic procedure. Inclusion and exclusion
criteria were per the Management of Myelomeningo-
cele Study trial (Box 1).1 All patients understood that

per-protocol fetoscopic procedures would be con-
verted to hybrid if deemed necessary for a technically
better or safer procedure and that the case could be
abandoned (and the pregnancy continued with post-
natal open neural tube defect repair) if the fetus did
not tolerate the surgery and did not need immediate
delivery or if the findings at the time of surgery were
different from what was expected and surgery was not
advisable. All patients underwent preoperative fetal
echocardiogram, comprehensive fetal ultrasound
scan, and magnetic resonance imaging (to document
the degree of hindbrain herniation).

All patients were managed per our standard
protocol involving steroid administration (23–34
weeks of gestation), prophylactic tocolysis (preopera-
tive indomethacin or nifedipine and intra- and post-
operative magnesium sulfate), and prophylactic
antibiotics (cefazolin or, if allergic, clindamycin and
gentamicin).

All patients had general endotracheal anesthesia
(1–3 minimum alveolar concentration sevoflurane).
Fetal anesthesia was with intramuscular opioid (fentanyl
5–10 micrograms/kg), anticholinergic (atropine 20 mi-
crograms/kg), and muscle relaxant (vecuronium 0.3
mg/kg) into the buttock or extremity using a long 22-
gauge needle passed through one of the operating ports.

The fetal surgical technique we used for feto-
scopic surgery with carbon dioxide insufflation has
been previously described.14–16 The uterus was exte-
riorized through a low transverse abdominal incision

Box 1. Inclusion and Exclusion Criteria

Inclusion Criteria

� Singleton pregnancy
� Myelomeningocele with the upper boundary located

between T1 and S1
� Evidence of hindbrain herniation
� Gestational age of 19–25.9 weeks at randomization
� A normal karyotype
� U.S. residency
� Maternal age of at least 18 y

Exclusion Criteria

� A fetal anomaly unrelated to myelomeningocele
� Severe kyphosis
� Risk of preterm birth (including short cervix and pre-

vious preterm birth)
� Placental abruption
� Body mass index (kg/m2) of 35 or more
� Contraindication to surgery, including previous hys-

terotomy in the active uterine segment

Adapted from criteria reported in the Management of
Myelomeningocele Study.1
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and the fetus then manipulated into position using an
external version technique. Under ultrasound guid-
ance, two 2/0 polydioxanone stitches were placed to
plicate the membranes to the uterine wall. In the iter-
ative technique, four sutures were placed in a box
pattern, whereas, in the standardized technique, only
two parallel sutures were placed. A 12-French port
was then introduced between the sutures into the
amniotic cavity (Seldinger technique). Approximately
300 mL of amniotic fluid was withdrawn and carbon
dioxide was insufflated (0.5 L/min, 1262 mm Hg)
through a heater–humidifier. A pediatric cystoscope
(iterative) or a straight endoscope (standardized) was
placed into the gas pocket through the port. Under
fetoscopic vision plication sutures, and one or two
additional ports, were then placed. In the first 15 pa-
tients we developed an iterative technique that ini-
tially used two ports and then moved to three ports
for six patients (numbers 6–9, 12, and 14) with
a combination of 5-French, 7-French, 12-French, and
16-French ports. In addition, we tried different instru-
ments, needles, and sutures (barbed monofilament,
braided, monofilament standard, braided Quikstitch)
and closure techniques. After 15 attempted cases (11
fetoscopic, three hybrid, one abandoned) we stan-
dardized our approach from patient 16 to use two
ports (12 French) (Fig. 1), a straight endoscope, inter-
rupted vertical mattress sutures, and a knot pusher to
deliver an extracorporeally tied modified Meltzer
knot in a braided polyglactin–monocryl suture (10
standardized, one hybrid, one abandoned).

For neurosurgical repair, in all patients, the spinal
cord was released sharply by cutting the arachnoid
membrane between the placode and junctional zone.
Primary closure was achieved with a single, unified

layer of skin and dura with interrupted or running
vertical mattress stitches used to evert the skin edges.
Relaxing skin incisions (15–20 mm lateral to the
defect) were cut before the repair at the discretion of
the neurosurgeon (W.E.W.) if needed to bring the
skin edges together (Video 1, available online at
http://links.lww.com/AOG/A936; Fig. 2); these were
allowed to heal by secondary intention. No patches or
extraneous materials (glues) were used in any closure.

Fetal surveillance was accomplished using near
continuous echocardiography to monitor fetal heart
rate and function. If in utero resuscitation was
unsuccessful, the protocol called for delivery; if
successful, the operation was either continued or
abandoned based on clinical judgment. If fetoscopic
repair was not thought possible, the fetoscopic pro-
cedure was converted to our standard open tech-
nique. On completion of both iterative and
standardized cases, warmed lactated Ringer’s solution
with nafcillin (1,000 mg/L) was infused to achieve
a normal amniotic fluid index. All patients had post-
operative tocolysis per protocol with any, or a combi-
nation of, nifedipine (10 mg PO every 6 hours),

Fig. 1. Image of a patient’s uterus and the two port sites
(arrows) after completion of the fetoscopic surgery.

Belfort. Fetoscopic Meningomyelocele Repair. Obstet Gynecol 2017.

Video 1. Fetoscopic open neural tube defect repair. This
video shows the initial and final (standardized) fetoscopic
repair techniques used by the team at Texas Children’s
Hospital to effect fetoscopic open neural tube defect repair.
Video created by Mr. Wally Crow. Used with permission.

Scan this image to view Video 1 on
your smartphone.
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indomethacin (25 mg PO every 6 hours for 48 hours),
terbutaline (0.25 mg subcutaneous3two doses), mag-
nesium sulfate (2-g/h intravenous infusion), and epi-
dural analgesia followed by oral opioids. Patients
were discharged to modified bed rest at a nearby
facility (Ronald McDonald House) once stable and
returned weekly for follow-up. Monthly comprehen-
sive ultrasound examination started at 30–32 weeks
of gestation, and fetal magnetic resonance imaging
was performed at 6 weeks postprocedure to help in
planning the mode of delivery (vaginal delivery if the
skin lesion appeared closed). Weekly biophysical
profile and Doppler studies began at 34 weeks of
gestation. In the event of preterm PROM, manage-
ment in both groups was the same (standard preterm
PROM protocol with steroids, latency antibiotics,

Fig. 2. A healed repair at birth with evidence of a healing
relaxing incision (arrow).

Belfort. Fetoscopic Meningomyelocele Repair. Obstet Gynecol 2017.

Table 1. Baseline Characteristics of and Intraoperative Data for the Study Populations

Characteristic
Fetoscopic
(n522) Iterative (n512)

Standardized
(n510) P Hybrid (n54)

Abandoned
(n52)

MOMS
Trial

(n578)

Maternal age (y) 27.5 [19–38] 28.5 [21–38] 25 [19–37] .42 25 [24–29] 29 [21–37] 2965
Race or ethnic group

White 9/22 (41) 4/12 (33) 5/10 (50) .67 0/4 (0) 1/2 (50) 73/78 (94)
Black 1/22 (5) 1/12 (8) 0/10 (0) 1.00 0/4 (0) 0/2 (0) 1/78 (1)
Hispanic 12/22 (55) 7/12 (58) 5/10 (50) 1.00 4/4 (100) 1/2 (50) 2/78 (3)
Other 0/22 (0) 0/12 (0) 0/10 (0) — 0/4 (0) 0/2 (0) 2/78 (3)

Nulliparity 7/22 (32) 2/12 (17) 5/10 (50) .18 2/4 (50) 1/2 (50) 33/78 (42)
BMI at screening

(kg/m2)
26 [22–35] 27.3 [23.3–33.9] 26 [22–35] .63 28.7 [27–37.6] 31.8 [29–34.7] 2664

Anterior placenta 11/22 (50) 6/12 (50) 5/10 (50) 1.00 1/4 (25) 0/2 (0) 36/78 (46)
GA at surgery (wk) 25 [22.9–25.9] 25.4 [22.9–25.9] 24.8 [24–25.6] .63 24.4 [22.7–25.9] 23.9 [23.9–24] 23.661.4
Prior uterine surgery 5/22 (23) 4/12 (33) 1/10 (10) .32 0/4 (0) 0/2 (0) 11/78 (14)
EFW less than 10%* 2/22 (9) 2/12 (17) 0/10 (0) .48 1/4 (25) 0/2 (0) NA
Cervix length* (mm) 38 [28–50] 36 [28–50] 39 [28–46] .82 35 [30–47] 37 [34–40] 3967
Lesion level*

T12 or less 2/22 (9) 1/12 (9) 1/10 (10) 1.00 1/4 (25) 0/2 (0) 4/78 (5)
L1–L2 3/22 (14) 1/12 (9) 2/10 (20) .57 0/4 (0) 1/2 (50) 21/78 (27)
L3–L4 14/22 (64) 10/12 (83) 4/10 (40) .07 3/4 (75) 1/2 (50) 30/78 (38)
L5–S1 3/22 (14) 0/12 (0) 3/10 (30) .08 0/4 (0) 0/2 (0) 23/78 (29)

Myeloschisis* 5/22 (23) 1/12 (9) 4/10 (40) .14 4/4 (100) 0/2 (0) NA
Club foot or feet* 3/22 (14) 2/12 (17) 1/10 (10) 1.00 0/4 (0) 0/2 (0) 20/78 (26)
Ventriculomegaly† 16/22 (73) 10/12 (83) 6/10 (60) .35 3/4 (75) 1/2 (50) NA
Ventriculomegaly

14 mm or
greater

5/22 (23) 3/12 (25) 2/10 (20) 1.00 0/4 (0) 0/2 (0) NA

Operating time (min) 250 [107–434] 267 [107–434] 246 [206–333] .27 284 [225–313] 129 [95–163] 105.2621.8
EBL (mL) 50 [25–300] 55 [25–150] 50 [50–300] .72 50 [50–100] 42.5 [35–50] NA
Relaxing incisions 7/22 (32%) 2/12 (17) 5/10 (50) .17 3/4 (75) — NA
Intraoperative

resuscitation
required

0/22 (0%) 0/12 (0) 0/10 (0) — 0/4 (0) 1/2 (50) NA

MOMS, Management of Myelomeningocele Study; BMI, body mass index; GA, gestational age; EFW, estimated fetal weight; NA, data not
reported and therefore not available; EBL, estimated blood loss.

Data are median [range], mean6standard deviation, or n/N (%) unless otherwise specified.
P determined by Mann-Whitney U test and Fisher exact test as appropriate.
* Based on data recorded from the preoperative ultrasound examination.
† Ventriculomegaly was defined as an atrial width 10 mm or greater.
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and delivery chorioamnionitis). In all fetoscopic pa-
tients delivered by cesarean, the uterine port scars
were inspected.

At birth, all neonates were admitted to the neo-
natal intensive care unit for comprehensive multidis-
ciplinary evaluation and respiratory support if
needed. Transcranial ultrasonography was performed
to evaluate the degree of ventriculomegaly within the
first 48 hours after delivery. Participants were fol-
lowed closely for the development of hydrocephalus
and neurogenic bladder.

Data from the iterative, standardized, hybrid, and
abandoned groups are presented in Table 1, but only
those cases that were completed fetoscopically were
analyzed statistically (iterative compared with standard-
ized) (Tables 2–4). Standard descriptive statistics and
parametric and nonparametric testing were used as
appropriate. Parametric data are presented as mean-
6standard deviation, and nonparametric data are pre-
sented as median (range; P,.05). We also presented
our data with those recently published in a systematic
review1,6 (Table 4).

RESULTS

Between April 2014 and September 2016, 28 feto-
scopic cases had been attempted, of which 22 were
completed fetoscopically (79%); four (15%) myelo-
schisis cases (two in each group) were converted to
hybrid when it was deemed that a better repair could
be achieved using an open approach, and two (7%)
cases were abandoned without repair being attemp-
ted: one case was the result of fetal bradycardia from
maternal hypothermia, which resolved with therapy
(ultimately delivered by cesarean at term with post-
natal repair) and one case was abandoned after
fetoscopy revealed a skin-covered meningocele with-
out a visible placode (confirmed at delivery). The four
cases converted to hybrid (because they had a hyster-
otomy and an open repair) and the two abandoned
(because they did not have any repair) were excluded
from the analysis but individual (Appendix 1, avail-
able online at http://links.lww.com/AOG/A937) and
aggregate (Table 1) data are presented in the tables.
No significant differences were seen when they were
included in their respective fetoscopic group in an
intent-to-treat analysis (data not shown). Data are pre-
sented here because a port was placed, fetoscopy with
carbon dioxide insufflation was carried out, and the
pregnancy was allowed to continue.

We compiled individual patient data (Appendix 1,
available online at http://links.lww.com/AOG/A937),
baseline characteristics, and pertinent intraoperative
details (Table 1) and maternal outcomes (Table 2).

Gestational age at delivery and repair-to-delivery
interval were significantly different. In patients who
had cesarean delivery (arrest of descent or fetal intol-
erance of labor), the port sites were all noted to be well
healed.

Birth weight in the iterative technique group was
significantly lower than in the standardized technique
group (Table 3). There were no other major differ-
ences in neonatal nonneurologic complications, but
numbers are too small to generalize. No infant in
either group has died. Reversal of hind brain hernia-
tion (per magnetic resonance imaging at 30–32 weeks
of gestation) was similar in the iterative (55%) and
standardized (60%) groups, but more of the iterative
technique cases had cerebrospinal fluid (CSF) leakage
at birth (50% compared with 10%, P5.07). Two par-
ticipants in the iterative technique group had repair in
the operating room; all other leaks were successfully
stopped at the bedside with one to three simple su-
tures or with only a Steristrip. One iterative technique
case (neonate who was delivered en caul 4 days post-
operatively at 26 weeks of gestation) required a shunt
and repair revision for a late CSF leak from a persis-
tent pseudomeningocele. No neonate had a wound
dehiscence as defined by exposed neural elements
or a defect larger than 232 mm. Lesion level, motor
function, and anatomic level were similar. Using the
Management of Myelomeningocele Study criteria for
hydrocephalus or death, there was no significant dif-
ference between the iterative and standardized groups
(9/12 [75% compared with 3/10 [30%], P5.08).
Table 4 lists our standardized fetoscopic technique
results with those of recently published series.1,6

DISCUSSION

This study represents the clinical endpoint of a pro-
gram that began with a sheep model,11,12 was further
developed in a fetoscopy simulator, and was then
finalized in the sheep model before use in humans.
It highlights a number of important findings. Feto-
scopic surgery in carbon dioxide gas can be effectively
performed for open neural tube defect repair with
acceptable short-term maternal and obstetric risk.
Nonneurologic neonatal results are comparable with
those seen after open fetal surgery, with a low respi-
ratory distress syndrome rate. Neonatal neurologic
outcomes are encouraging but long-term data are
needed, preventing any direct comparisons with Man-
agement of Myelomeningocele Study outcomes.1 Our
standardized technique compares favorably with
those of others performing fetoscopic repair.4–9 Our
unified closure technique allows effective repair with-
out patches, extensive dissection, or tissue flaps.
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Table 2. Maternal Outcomes

Outcome Fetoscopic (n522) Iterative (n512) Standardized (n510)

GA at PROM (wk) 34 [30.1–35.9] 33.6 [30.1–35.9] 34 (n51)
PROM* (weeks of gestation) 5/22 (23) 4/12 (33) 1/10 (10)

Less than 30 0/22 (0) 0/12 (0) 0/10 (0)
30–34 6/7 3/22 (14) 2/12 (17) 1/10 (10)
35 2/22 (9) 2/12 (17) 0/10 (0)

GA at delivery (wk) 38.1 [26–40] 35.9 [26–39] 39 [35.9–40]
Delivery (weeks of gestation)

Less than 30 1/22 (5) 1/12 (8) 0/10 (0)
30–34 6/7 4/22 (18) 4/12 (33) 0/10 (0)
35–36 6/7 3/22 (14) 2/12 (17) 1/10 (10)
37 14/22 (64) 5/12 (42) 9/10 (90)

Vaginal delivery 11/22 (50) 5/12 (42) 6/10 (60)
Scheduled cesarean delivery 2/22 (9) 2/12 (17) 0/10 (0)
Repair-to-delivery interval (wk) 12.9 [0.4–15.1] 11.4 [0.4–14.1] 14.4 [10.3–15.1]
PROM to delivery (d) (no. of patients) 465 (5) 262 (4) 1360 (1)
Placental abruption 2/22 (11) 1/12 (8) 1/10 (10)
Chorioamniotic membrane separation 7/22 (32) 5/12 (45) 2/10 (20)
Oligohydramnios 3/22 (14) 2/12 (17) 1/10 (10)
Pulmonary edema 2/22 (9) 2/12 (17) 0/10 (0)
Chorioamnionitis 0/22 (0) 0/12 (0) 0/10 (0)
Well-healed port sites 11/11 (100)* 7/7 (100)* 4/4 (100)*
Port site adhesions 3/11 (27)* 2/7 (29)* 1/4 (25)
Omental adhesions 3/11 (27) 2/7 (29) 1/4 (25)
Blood transfusion after fetal surgery 0/22 (0) 0/12 (0) 0/10 (0)
Maternal hospital length of stay (d) 5 [3–8] 5 [5–8] 6.5 [2–8]

MOMS, Management of Myelomeningocele Study; GA, gestational age; PROM, prelabor rupture of membranes; NA, data not reported and therefore not available.
Data are median [range], n/N (%), or mean6standard deviation unless otherwise specified.
P determined by Mann-Whitney U test and Fisher exact test as appropriate.
Bold indicates significant values.

* Seven iterative and four standardized cases were available for evaluation of the port site scars.

Table 3. Fetal, Early Neonatal, and Neurologic Outcomes

Outcome Fetoscopic (n522) Iterative (n512) Standardized (n510)

Birth weight (g) 2,870 [870–3,856] 2,468 [870–3,460] 3,225 [2,554–3,856]
Birth weight less than the 10th percentile 2/22 (9) 2/12 (17) 0/10 (0)
Fetal demise 0/22 (0) 0/12 (0) 0/10 (0)
Apgar score at 5 min less than 7 1/22 (5) 1/12 (8) 0/10 (0)
Ventilation 1/22 (5) 1/12 (8) 0/10 (0)
RDS 1/22 (5) 1/12 (8) 0/10 (0)
Sepsis 0/22 (0) 0/12 (0) 0/10 (0)
NEC 0/22 (0) 0/12 (0) 0/10 (0)
PVL 0/22 (0) 0/12 (0) 0/10 (0)
PDA 0/22 (0) 0/12 (0) 0/10 (0)
Retinopathy 0/22 (0) 0/12 (0) 0/10 (0)
Length of stay in NICU (d) 12 [2–253] 20 [2–253] 9 [5–22]
Perinatal death 0/22 (0) 0/12 (0) 0/10 (0)
Reversal of hindbrain herniation† 12/21 (57) 6/11 (55) 6/10 (60)
CSF leakage at birth 7/22 (32) 6/12 (50) 1/10 (10)
Repair dehiscence 0/22 (0) 0/12 (0) 0/10 (0)
Repair in OR 2/22 (9) 0/12 (0) 2/10 (20)
Repair in NICU 6/22 (27) 6/12 (50) 0/10 (0)
Upper level of lesion

T12 2/22 (9) 1/12 (8) 1/10 (10)
L1–L2 3/22 (14) 1/12 (8) 2/10 (20)
L3–L4 14/22 (64) 10/12 (83) 4/10 (40)
L5–S1 3/22 (14) 0/12 (0) 3/10 (30)

Motor level: birth vs time of diagnosis
2 or more levels better 12/22 (55) 7/12 (58) 5/10 (50)
1 level better 4/22 (18) 1/12 (8) 3/10 (30)
No change 5/22 (23) 4/12 (33) 1/10 (10)
One level worse 0/22 (0) 0/12 (0) 0/9 (0)
2 or more levels worse 1/22 (5) 0/12 (0) 1/10 (10)

Motor level after surgery
Improved 16/22 (73) 8/12 (67) 8/10 (80)
No change 5/22 (23) 4/12 (33) 1/10 (10)
Got worse 1/22 (5) 0/12 (0) 1/10 (10)

Meets MOMS criteria for shunt or death 12/22 (55) 9/12 (75) 3/10 (30)
Treated for hydrocephalus at 12 mo or less 9/22 (41) 7/12 (58) 2/10 (20)

MOMS, Management of Myelomeningocele Study; RDS, respiratory distress syndrome; NEC, necrotizing enterocolitis; PVL, periventricular leukomalacia; PDA, patent ductus arteriosus;
NICU, neonatal intensive care unit; CSF, cerebrospinal fluid; OR, operating room; NA, data not reported and therefore not available.

Data are median [range], mean6standard deviation or as numerator/denominator (percentage) as appropriate unless otherwise specified. P values determined by Mann-Whitney U test
and Fisher exact test as appropriate. Bold indicates significant values.

* One neonate in the abandoned group had a wound infection after postnatal repair that required reexploration.
†
Based on fetal magnetic resonance imaging performed at approximately 6 weeks after the repair (one patient delivered 4 days after surgery and did not get a magnetic resonance image).
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Finally, our technique allows the mother to carry
the fetus to term or near term and have a vaginal
delivery.

Fetoscopic surgery in a carbon dioxide environ-
ment has not been enthusiastically received largely as
a result of concerns about poor fetal and neonatal

P Hybrid (n54) Abandoned (n52) MOMS Trial (n578)

— 33.7 (n51) — —
.32 1/4 (25) 0/2 (0) 36/78 (46)
— 0/4 (0) 0/2 (0) NA
1.00 1/4 (25) 0/2 (0) NA
— 0/4 (0) 0/2 (0) NA

,.01 37 [34.1–37.1] 38.9 [38.3–39.4] 34.163.1

1.00 0/4 (0) 0/2 (0) 10/78 (13)
.10 1/4 (25) 0/2 (0) 26/78 (33)
1.00 0/4 (0) 0/2 (0) 26/78 (33)
.03 3/4 (75) 2/2 (100) 16/78 (21)
.67 0/4 (0) 0/2 (0) 0/78 (0)
.48 3/4 (75) 0/2 (0) 48/78 (62)
,.01 11.7 [10.3–14.3] NA NA
— 260 (1) — NA
1.00 0/4 (0) 0/2 (0) 5/78 (6)
.38 2/4 (50) 0/2 (0) 20/78 (26)
1.00 0/4 (0) 0/2 (0) 16/78 (21)
.48 0/4 (0) 0/2 (0) 5/78 (6)
— 0/4 (0) 0/2 (0) 2/78 (3)
1.00 4/4 (100) 2/2 (100) 49/76 (64)
1.00 3/4 (75) 1/2 (50) NA
1.00 3/4 (75) 1/2 (50) NA
— 0/4 (0) 0/2 (0) 7/78 (9)
.65 6 [5–7] 5.5 [4–7] NA

P Hybrid (n54) Abandoned (n52) MOMS Trial (n578)

,.01 2,572 [1,927–3,260] 3,227 [3,120–3,335] 2,3836688
.48 1/4 (25) 0/2 (0) 3/78 (4)
— 0/4 (0) 0/2 (0) NA
1.00 0/4 (0) 0/2 (0) NA
1.00 0/4 (0) 0/2 (0) NA
1.00 0/4 (0) 0/2 (0) 16/77 (21)
— 0/4 (0) 0/2 (0) 4/77 (5)
— 0/4 (0) 0/2 (0) 1/77 (1)
— 0/4 (0) 0/2 (0) 4/77 (5)
— 0/4 (0) 0/2 (0) 3/77 (4)
— 0/4 (0) 0/2 (0) NA
.36 13 [4–21] 21.5 [5–38*] NA
— 0/4 (0) 0/2 (0) 2/78 (3)
1.00 4/4 (100) NA 25/70 (36)
.07 0/4 (0) 0/2 (0) NA
— 0/4 (0) NA 10/77 (13)
.19 0/4 (0) NA NA
.02 0/4 (0) NA NA

1.00 1/4 (25) 0/2 (0) NA
.57 0/4 (0) 1/2 (50) NA
.07 3/4 (75) 1/2 (50) NA
.08 0/4 (0) 0/2 (0) NA

1.00 3/4 (75) 0/2 (0) 20/62 (32)
.29 0/4 (0) 1/2 (50) 7/62 (11)
.32 1/4 (25) 1/2 (50) 14/62 (23)
— 0/4 (0) 0/2 (0) 13/62 (21)
.45 0/4 (0) 0/2 (0) 8/62 (13)

.65 3/4 (75) NA 27/62 (44)

.32 1/4 (25) NA 14/62 (23)

.45 0/4 (0) NA 21/62 (34)

.08 0/3 (0) 1/2 (50) 53/78 (68)

.10 0/4 (0) 0/2 (0) 31/78 (40)
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outcomes, high reported rates of preterm PROM and
preterm birth (Bruner et al, Am J Obstet Gynecol),2–9

a less than acceptable open neural tube defect
repair,10,19 and the safety of intrauterine carbon diox-
ide.17–19 The concerns about the obstetric and non-
neurologic fetal and neonatal outcomes are not
supported by our study although numbers are small.
The issue of carbon dioxide causing fetal acidosis is
more difficult. Modern fetoscopic and anesthetic tech-
niques can to a great extent minimize these largely
theoretical concerns, which were based on data from
animal models (with different placentation20 to hu-
mans) using anesthetic agents no longer in use.20,21

We saw no acute fetal heart rate, rhythm, or func-
tional imaging abnormalities during the surgeries
(except for one case of slowly progressive fetal brady-
cardia that started before carbon dioxide was intro-
duced, was associated with progressive maternal

hypothermia, and which reversed when maternal tem-
perature was restored). We did not see anything sug-
gestive of an episode of severe prenatal fetal acidosis22

during the surgery, during prenatal follow-up, or after
birth (Table 3). In addition, as these children have
been followed up, there has not been any evidence
suggestive of a prenatal period of acidosis.

The preterm PROM rate, gestational age at deliv-
ery, and short-term neonatal outcomes in our fetoscopic
cases compare favorably with that in the Management
of Myelomeningocele Study1 and other fetal surgery
trials (Bruner et al, Am J Obstet Gynecol) (Table 4).2–9

The results of fetoscopic open neural tube defect repair
require longer follow-up and numbers are small. One of
the major concerns with our technique initially was the
CSF leak rate. We recorded any leakage of CSF, but in
no case was there a wound dehiscence as defined by
wound breakdown (exposed neural elements or large

Table 4. Standardized Technique Compared With Currently Published Data From Other Groups
Performing Fetoscopic Repair

Standardized
Technique,

Belfort et al, 2017
Pedreira et al,

20167

Kohl, 20144;
Degenhardt et al,

20148
Adzick et al,

20111

Approach Fetoscopic—
exteriorized
uterus

Fetoscopic—
percutaneous

Fetoscopic—
percutaneous

Open—
hysterotomy

No. of patients 10 10 51 78
Operative outcomes

Operative time (min) 246 [206–333] 242689 223640 105622
Incomplete neural tube repair at fetal surgery 0 (0/10) 20 (2/10) 1.9 (1/51) 0 (0/78)

Maternal outcome
Placental abruption 0 (0/10) 10 (1/10) 0 (0/51) 6.4 (5/78)
Pulmonary edema 0 (0/10) 0 (0/10) 1.9 (1/51) 6.4 (5/78)
Chorioamnionitis 0 (0/10) 0 (0/10) 5.9 (3/51) 2.6 (2/78)
Oligohydramnios 10 (1/10) 40 (4/10) 13.7 (7/51) 20.5 (16/78)
Chorioamniotic membrane separation 20 (2/10) 40 (4/10) 3.9 (2/51) 25.6 (20/78)
Preterm PROM 10 (1/10) 100 (10/10) 84.3 (43/51) 46.2 (36/78)
Time of preterm PROM (wk) 34.060.0 30.262.7 29.763.1 —
Hemorrhage requiring transfusion at delivery 0 (0/7) 0 (0/10) 0 (0/51) 9 (7/78)
Vaginal delivery 60 (6/10) 0 (0/10) 0 (0/51) 0 (0/78)
Uterine thinning or hysterotomy dehiscence 0 (0/4) 0 (0/10) 0 (0/51) 35.5 (27/76)

Fetal and neonatal outcomes
Mean GA at birth (wk) 38.561.2 32.461.9 32.962.7 34.163.1
Preterm birth at less than 30 wk of gestation 0 (0/10) 11.1 (1/9) 11.8 (6/51) 12.8 (10/78)
Respiratory distress syndrome 0 (0/10) 0 (0/9) NA 20.8 (16/77)
Postnatal additional surgery to cover ONTD 0 (0/10) 28.6 (2/7) NA 2.6 (2/77)
Reversal of hindbrain herniation 60 (6/10) 85.7 (6/7) NA 35.7 (25/70)
Shunt placement or ETV at 12 mo or less 20 (2/10) 42.8 (3/7) NA 40.3 (31/77)
Surgery for tethered cord 0 (0/10) 0 (0/7) NA 7.8 (6/77)
CM decompression surgery 0 (0/10) 0 (0/7) NA 1.3 (1/77)
Perinatal mortality 0 (0/10) 20 (2/10) 7.8 (4/51) 2.6 (2/78)

PROM, prelabor rupture of membranes; NA, data not reported and therefore not available for comparison; GA, gestational age; ONTD,
open neural tube defect; ETV, endoscopic third ventriculostomy; CM, cisterna magna.

Data are median [range], % (n/N), or mean6standard deviation unless otherwise specified.
Management of Myelomeningocele Study trial data are included for reference.
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incisional defect [greater than 232 mm]). The leaks
were closed with a Steristrip or one to two simple sutures
at the bedside (except for one iterative technique case
repaired at 3 months for a late leak and one standardized
technique case with a thin [but still watertight] skin cov-
ering). It may be misleading to equate wound dehis-
cence as reported in the Management of
Myelomeningocele Study1 (and which required revision
of the repair) with what we report as a CSF leak. Over
time, and with the introduction of our standardized tech-
nique, there was a reduction in CSF leakage at birth
from 50% (6/12) to 10% (1/10) in the last 10 partici-
pants. Reversal of hindbrain herniation results are
encouraging, but we do not have 12-month postnatal
data. In addition, although we have not had any cases
of tethered cord, this is clearly something that requires
long-term follow-up.

This study demonstrates that vaginal delivery is an
option after fetal fetoscopic repair. From an obstetric
standpoint, this obviously is a major finding.
Strengths of the study include: 1) a new technique
for fetoscopic surgery (exteriorized uterus, warmed–
humidified carbon dioxide, plicated membranes,
two-port approach, fetoscopically created relaxing
incisions, and a unified single-layer open neural tube
defect closure with a high rate of success without the
need for a patch or extensive surgery); and 2) dem-
onstration of an ethically acceptable risk–benefit
profile that may open up a new era in fetal surgery
fostering further development and innovation.
Weaknesses include 1) the small sample size, 2) the
iterative nature of the technique to arrive at a stan-
dardized approach, 3) the need for laparotomy and
general anesthesia, and 4) lack of long-term neuro-
developmental outcome data.

We believe that under carefully controlled and
monitored experimental conditions, more research
into the development of the carbon dioxide-filled
uterus as a surgical space is justified.
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