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Abstract
Objectives: The aim of the study was to describe the feasibil-
ity of open fetal microneurosurgery for intrauterine spina bi-
fida (SB) repair and to compare perinatal outcomes with cas-
es managed using the classic open fetal surgery technique. 
Methods: In this study, we selected a cohort of consecutive 
fetuses with isolated open SB referred to our fetal surgery 
center in Queretaro, Mexico, during a 3.5-year period (2016–
2020). SB repair was performed by either classic open sur-
gery (6- to 8-cm hysterotomy with leakage of amniotic fluid, 
which was replaced before uterine closure) or open micro-
neurosurgery, which is a novel technique characterized by a 
15- to 20-mm hysterotomy diameter, reduced fetal manipu-
lation by fixing the fetal back, and maintenance of normal 

amniotic fluid and uterine volume during the whole surgery. 
Perinatal outcomes of cases operated with the classic open 
fetal surgery technique and open microneurosurgery were 
compared. Results: Intrauterine SB repair with a complete 
3-layer correction was successfully performed in 60 cases ei-
ther by classic open fetal surgery (n = 13) or open microneu-
rosurgery (n = 47). No significant differences were observed 
in gestational age (GA) at fetal intervention (25.4 vs. 25.1 
weeks, p = 0.38) or surgical times (107 vs. 120 min, p = 0.15) 
between both groups. The group with open microneurosur-
gery showed a significantly lower rate of oligohydramnios (0 
vs. 15.4%, p = 0.01), preterm rupture of the membranes (19.0 
vs. 53.8%, p = 0.01), higher GA at birth (35.1 vs. 32.7 weeks,  
p = 0.03), lower rate of preterm delivery <34 weeks (21.4 vs. 
61.5%, p = 0.01), and lower rate of perinatal death (4.8 vs. 
23.1%, p = 0.04) than the group with classic open surgery. 
During infant follow-up, the rate of hydrocephalus requiring 
ventriculoperitoneal shunting was similar between both 
groups (7.5 vs. 20%, p = 0.24). All patients showed an intact 
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hysterotomy site at delivery. Conclusion: Intrauterine spina 
repair by open fetal microneurosurgery is feasible and was 
associated with better perinatal outcomes than classic open 
fetal surgery. © 2021 S. Karger AG, Basel

Introduction

Spina bifida (SB) is a neural tube malformation that 
represents the most common severely disabling congeni-
tal defect. It complicates about 1 in 2,000 live births and 
is associated with major disabilities such as motor dys-
function or paralysis, mental retardation, hydrocephalus 
requiring ventriculoperitoneal shunting, bowel and blad-
der dysfunction, and long-term neurological handicaps 
[1]. Since fetal brain damage is progressive during gesta-
tion due to the chronic exposure of neural tissue to the 
amniotic fluid, fetal surgery for prenatal myelomeningo-
cele (MMC) repair was then introduced in an attempt to 
preserve neurological functions [2]. In a randomized 
double-blind control trial, open fetal surgery demonstrat-
ed to be of benefit in improving hindbrain herniation, 
ventriculoperitoneal shunting, motor function, and cog-
nitive outcomes in comparison to cases managed with 
postnatal surgery [3].

However, the aforementioned fetal intervention is also 
associated with potential maternal and fetal risks such as 
preterm delivery, placental abruption, preterm rupture of 
the membranes, perinatal mortality, uterine bleeding re-
quiring blood transfusion, uterine dehiscence at delivery, 
and higher risk of preterm delivery even in subsequent 
pregnancies [4–6], and therefore, the design of novel 
minimally invasive techniques is in the research agenda 
of different fetal surgery centers [7].

Previous studies have designed minimally invasive ap-
proaches for fetal MMC repair through fetal endoscopy 
with or without assisted maternal laparotomy. However, 
2 meta-analyses have suggested that in comparison to 
open fetal surgery, fetal endoscopy is associated with a 
higher risk of preterm delivery, preterm prelabor rupture 
of membranes (PPROM), and perinatal deaths mainly 
because of the higher surgical time that is required for 
MMC repair [8, 9]. Initial experience has also suggested 
that decreasing the hysterotomy diameter during fetal in-
tervention may improve perinatal outcomes without al-
tering the neurological results [10, 11]. Thus, in this study, 
we aimed to describe the feasibility of open microneuro-
surgery for intrauterine SB repair, a novel alternative 
technique characterized by a minimal uterine incision of 

15-20 mm, reduced fetal manipulation, and maintenance 
of normal amniotic fluid volume during the whole inter-
vention. We also compared the perinatal outcomes of 
such cases with those previously operated with the classic 
open fetal surgery technique in our center.

Methods

Subjects
Between December 2016 and May 2020, a prospective cohort 

of singleton fetuses with confirmed lumbosacral open SB were se-
lected for fetal surgery at Hospital de Especialidades del Niño y la 
Mujer, and Hospital San José, Queretaro, Mexico (a national refer-
ral centers for fetal surgery). Detailed fetal morphological ultra-
sound assessment, advanced neurosonography, maternal psycho-
logical evaluation, and fetal karyotype by amniocentesis were per-
formed in all cases.

All ultrasound examinations were performed with Voluson E8 
Expert BT 12.0 or Voluson E10 BT18.0 US equipment with a 6- to 
2-MHz linear curved-array transducer by 1 of 2 experienced ex-
aminers (R.C.M. or M.M.R.). The inclusion criteria for fetal sur-
gery were singleton pregnancies at <28 weeks of gestation with SB 
with an upper anatomical level between T1 and S1 and evidence of 
hindbrain herniation (Arnold-Chiari II malformation). Fetal ven-
triculomegaly was defined as those fetuses with a mean lateral ven-
tricle diameter above 10 mm.

The exclusion criteria were (a) additional structural malforma-
tions, (b) chromosomal abnormalities, (c) fetal kyphosis or scolio-
sis above 30°, (d) short cervical length (<25 mm), (e) 2 previous 
cesarean sections, (f) multiple uterine leiomyomas, (g) placenta 
previa, (h) acute or chronic maternal disease that may increase the 
surgical risk, (i) potential attachment difficulties at maternal psy-
chological evaluation, and (j) positive maternal serology for HIV 
or hepatitis B or C. According to our clinical protocol, vaginal and 
urine cultures were performed 1 week before fetal surgery, and if 
positive, treatment was ensured.

The surgical protocol was approved by the hospital ethics com-
mittee (IRB 077/26042017). Following counseling regarding the 
prognosis of the fetal findings and the risks associated with the 
suggested fetal intervention, management options were discussed 
with the parents: expectant management during pregnancy with 
neonatal surgical repair or intrauterine SB repair through open 
fetal surgery. Termination of pregnancy was not considered an op-
tion since it is not legal in our country after the first trimester.

Open Fetal Surgery
Our first 2 surgeries were performed in collaboration with spe-

cialists from Santiago, Chile, led by Professor Waldo Sepulveda, 
who at that time had performed 35 procedures and whose experi-
ence was recently published, including 58 consecutive interven-
tions [6]. The following interventions were performed by our local 
Mexican group, which included a multidisciplinary team involv-
ing maternal-fetal medicine specialists (M.M.R., J.L.G., and 
H.L.B.), fetal surgeon (R.C.M.), fetal sonographer (A.G.V.), pedi-
atric neurosurgeon with previous experience in pediatric neuroen-
doscopical procedures (F.C.O.), and 2 of 3 anesthesiologists 
(K.A.V., J.C.V., and E.A.A.). The first cases were performed with 
the classic open fetal surgery technique previously described in the 
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MOMs trial (i.e., complete 3-layer correction through a 6- to 8-cm 
hysterotomy with leakage of amniotic fluid which was replaced 
before uterine closure) while in the last cases, a novel technique 
called open fetal microneurosurgery was performed.

In brief, under maternal regional and general anesthesia with 
sevoflurane, a maternal Pfannenstiel laparotomy through a low 
transverse abdominal incision was performed to allow uterine ex-
teriorization from the abdominal cavity. The fetal position was 
evaluated by ultrasound and, if necessary, the fetus was moved by 
a gentle external manipulation to reach the optimal position, that 
is, a longitudinal position, with cephalic presentation and with the 

SB defect located against the uterine wall and in the contralateral 
side of the placenta. Under ultrasound guidance, two 1-0 absorb-
able monofilament stitches were placed to plicate the membranes 
to the uterine wall and then a 15- to 20-mm vertical and fundal 
midline hysterotomy was performed between the sutures with a 
monopolar cautery pencil (Fig.  1a). The amniotic membranes 
were opened and plicated to the uterine wall by continuous locking 
polyglactin 1-0 stitches (Ethicon Inc.). A self-retaining retractor 
(Weitlaner), which includes 3 × 4 blunt outward-curving teeth, 
was used to expose and spread the surgical site and, an 8F enteral 
feeding tube was introduced to the amniotic cavity to perform a 

a b

c d

Fig. 1. 15-mm hysterotomy diameter (a) and placement of the self-retaining retractor allowing visualization of 
the neural defect and positioning of the enteral feeding tube for continuous infusion of warmed lactated Ringer´s 
solution (b). Two lateral sutures (c) were placed in the fetal back (arrow) in order to be fixed against the hyster-
otomy and thus, to expose the portion of the neural tube defect required by the neurosurgeon to perform the 
fetal myeloplasty with a complete 3-layer correction (d).
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continuous infusion of warmed (37°C) lactated Ringer’s solution 
with antibiotic (2 g cefotaxime per L) in order to maintain the in-
trauterine volume and achieve a normal amniotic fluid index dur-
ing the entire fetal surgery (Fig. 1b). To minimize fetal manipula-
tion and amniotic fluid loss through the tiny uterine incision, the 
fetal back was fixed against the hysterotomy with 2 monofilament 
4-0 stitches (Fig. 1c). Due to the small hysterotomy diameter, ei-
ther an HD-3D exoscope system or surgical loupes (4.5×) were 
used by the pediatric neurosurgeon (FCO) to improve illumina-
tion, magnification, and visualization of the neural placode, which 
was released and positioned within the spina canal and then a 
3-layer watertight closure of the neural defect was performed using 
a monofilament 4-0 suture with a 17-mm needle and biopolar cau-
tery (Fig. 1d). In all cases, the size of the neural defect was larger 
than the hysterotomy incision, and therefore, exposure of the neu-
ral defect was mainly allowed by a gentle mobilization of the uter-
ine retractor while the fetal back was held against the hysterotomy. 
In case this maneuver was insufficient, a gentle manipulation of 
the fetus by the fetal surgery specialist was performed to properly 
expose the portion of the neural tube defect required by the neu-
rosurgeon. In cases with myeloschisis, a 2.5 × 2.5-cm biological 
patch (Lyoplant Onlay) was used, which is an absorbable, liquid-
tight, bilayer collagen implant produced from a lyophilized bovine 
pericardium designed for dura substitution that can be cut accord-
ing to the shape of the neural defect. Fetal monitoring was con-
tinuously performed by a fetal sonographer during the entire sur-
gical procedure by using fetal Doppler ultrasound. In case of uter-
ine contraction during fetal intervention, maternal nitroglycerin 
was used for uterine relaxation [12]. Once fetal myeloplasty was 
completed, uterine closure was performed by 2 layers (Fig. 2), the 
uterus was interiorized into the abdominal cavity, and then the 
abdominal wall was closed in 3 layers.

Maternal and Fetal Follow-Up
After fetal surgery, the pregnant woman was hospitalized in the 

intensive care unit for 24 h. An elastomeric pump was used for 
continuous infusion of pain drugs through the epidural catheter 

during the first 48 h after surgery. Prophylactic tocolysis with in-
domethacin, nifedipine or atosiban was administered immediately 
after wound closure and up to 72 h after the procedure. All patients 
were discharged 1 week after fetal surgery and were advised to stay 
in the city until delivery. The potential existence of uterine con-
tractions was registered every 24 h by ambulatory cardiotocogra-
phy. Whenever preterm delivery or PPROM was anticipated, a 
course of corticosteroids (betamethasone, 12 mg 2 doses 24 h 
apart) was administrated. Ultrasound examination to evaluate the 
amount of amniotic fluid, absence of chorioamniotic separation, 
fetal estimated weight, and cervical length was performed every 
week until delivery. If a short cervical length was observed during 
fetal follow-up, vaginal progesterone (200 mg daily) was adminis-
tered until delivery. Fetal neurosonography to identify the regres-
sion of hindbrain herniation and to monitor the lateral ventricle 
diameters was also performed every week. Reversal of Chiari mal-
formation was defined by fetal ultrasound when the obliterated 
cisterna magna became visible and measurable and the cerebellum 
fastigium regressed to a normal position and morphology, that is, 
above the foramen magnum.

Neonatal Management and Infant Follow-Up
According to our clinical protocol, cesarean delivery was 

planned at above 38 weeks. All deliveries and neonatal manage-
ment were attended by staff obstetricians, maternal fetal medicine 
specialists, and neonatologists either at our center or at the referral 
center. Neurological follow-up was performed in our neurodevel-
opmental unit which includes neonatal neurohabilitation by a 
neonatal physical rehabilitator (A.C.B.) and clinical evaluations by 
a pediatric neurosurgeon, a pediatric orthopedist, and a pediatric 
urologist. Endoscopic third ventriculostomy was considered as 
primary treatment in all infants with hydrocephalus showing any 
in the following signs of intracranial hypertension: progressive in-
crease in the head circumference accompanied with a bulging fon-
tanelle (i.e., above the level of the bone as assessed when the baby 
is not crying and in an upright position), clinical signs of Chiari 
malformation (stridor, swallowing difficulties, apnea, and brady-
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Fig. 2. Final result after multilayer fetal myeloplasty immediately before (a) and after (b) uterine closure.
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cardia), or persistent cerebrospinal fluid leakage from the MMC 
wound or bulging at the repair site. Ventriculoperitoneal shunt 
placement was considered when there was an anatomical impos-
sibility to perform third ventriculostomy during neuroendoscopy 
[13].

Statistical Analysis
Data were collected in an Access file for Windows 2010 (Mi-

crosoft Corp., Redmond, WA, USA). Student’s t test and the Pear-
son χ2 test were used to compare quantitative and qualitative data 
within the study group, respectively. All tests were 2-tailed, and a 
probability value of <0.05 was considered statistically significant. 
Statistical calculations and descriptive analysis were performed us-
ing Statistical Package for the Social Sciences (SPSS 25.0, SPSS Inc., 
Chicago, IL, USA) software.

Results

A total of 220 fetuses with SB were evaluated during 
the 3.5-year study period. And, 163 patients did not fulfill 
the criteria for fetal intervention. The main exclusion cri-
terion was diagnosis and/or referral above 28 weeks of 
gestation (35.5%). Thus, 61 cases (27.7%) were selected 
for intrauterine SB repair. In the first 13 cases, intrauter-
ine SB repair was successfully performed using the classic 

open fetal surgery technique. Among the last 48 selected 
cases, 1 case was abandoned before performing maternal 
laparotomy due to anaphylactic shock associated with 
maternal cardiac arrest and fetal bradycardia, which was 
promptly resolved with cardiopulmonary resuscitation. 
She had an uneventful cesarean delivery at 39 weeks. In 
the remaining 47 consecutive cases, fetal myeloplasty 
with a complete 3-layer correction was successfully per-
formed by open fetal microneurosurgery. There were not 
any cases requiring conversion from microneurosurgery 
to the classic larger uterine incision and therefore, a total 
of 47 cases treated with open microneurosurgery were 
compared with 13 controls repaired using the classic 
open fetal surgery. Baseline maternal and fetal character-
istics of the 2 study groups are shown in Table 1. Table 2 
shows the perinatal outcomes of the 55 women who have 
delivered by the time of analysis. No significant differ-
ences were observed in the upper level of the spinal defect, 
gestational age (GA) at fetal intervention (25.3 vs. 25.1 
weeks, p = 0.38), surgical times (107 vs. 120 min, p = 0.15), 
and rate of myeloschisis (17.0 vs. 7.0%, p = 0.42) between 
both groups. After fetal intervention, the group with open 
microneurosurgery showed a significantly lower rate of 
oligohydramnios (0 vs. 15.4%, p = 0.01), and PPROM 

Table 1. Maternal and fetal clinical characteristics of the selected pregnancies for intrauterine SB repair by classic 
open fetal surgery and open fetal microneurosurgery

Classic open fetal 
surgery, 
n = 13

Open fetal 
microneurosurgery, 
n = 47

p value

Maternal age, years 31.4 (7.7) 29.5 (6.1) 0.36
Primiparity, n (%) 7 (53.8) 16 (34.0) 0.19
Previous cesarean section, n (%) 2 (15.4) 20 (42.6) 0.07
BMI, kg/m2 25.2 (4.2) 24.9 (3.9) 0.81
BMI > 35, n (%) 0 (0) 1 (2.1) 0.60
Anterior placenta, n (%) 10 (76.9) 17 (36.2) <0.01
GA at diagnosis, wk 22.5 (2.2) 22.0 (2.5) 0.53

MMC upper anatomical level, n (%)
T12 1 (7.7) 0 (0) 0.06
L1–L2 1 (7.7) 5 (10.6) 0.75
L3–L4 5 (38.5) 18 (38.3) 0.99
L5 5 (38.5) 14 (29.8) 0.55
S1 1 (7.7) 10 (21.3) 0.26
Myeloschisis 1 (7.7) 8 (17.0) 0.42
Ventriculomegaly 10 (76.9) 33 (70.2) 0.64
Lateral ventricle diameter, mm 12.6 (2.3) 12.0 (3.2) 0.45
Club foot or feet, n (%) 9 (69.2) 24 (51.1) 0.24

Results are expressed as mean (standard deviation) and percentages. GA, gestational age; MMC, 
myelomeningocele; SB, spina bifida.
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(19.0 vs. 53.8%, p = 0.01), higher GA at birth (35.4 vs. 32.7, 
weeks, p < 0.05), higher interval between fetal interven-
tion and delivery (9.7 vs. 7.5 weeks, p < 0.05), lower rate 
of preterm delivery below 34 weeks (21.4 vs. 61.5%, p = 
0.01), and lower rate of perinatal death (4.8 vs. 23.1%, p = 
0.04) than the group with classic open surgery. No differ-
ences were observed in the rate of maternal complications 
such as placental abruption, pulmonary edema, chorio-
amnionitis, or maternal bleeding requiring blood trans-
fusion.

Within the group with open microneurosurgery, 3 pa-
tients (7.1%) experienced intense uterine contractions 
that required an emergency but uneventfully vaginal de-
livery. All patients showed intact hysterotomy site at de-
livery, and there were no maternal deaths in any group. 
Table  3 illustrates the infant characteristics during the 
follow-up among survivors. The rate of hydrocephalus 
requiring either ventriculoperitoneal shunting (7.5 vs. 

20%, p = 0.24) or only endoscopic third ventriculostomy 
(12.5 vs. 20%, p = 0.54) was similar between both groups. 
There were no neonates with skin dehiscence or skin le-
sions attributable to the sutures placed to fix fetal back. 
The rate of subcutaneous cerebrospinal fluid leakage re-
quiring a complementary postnatal surgical repair was 
similar between both groups (5.0 vs. 20.0%, p = 0.12). De-
tails from patients fulfilling MOMs criteria for fetal sur-
gery are provided in Table 4, which shows similar results 
compared with those observed in the whole population.

Discussion

This is the first study highlighting that intrauterine 
open neural tube defect repair is feasible by open fetal mi-
croneurosurgery. This is a novel fetal surgery approach 
for SB repair, which is based on a reduced 15-20-mm hys-

Table 2. Maternal and fetal studied variables from fetal surgery to delivery

Classic open 
fetal surgery, 
n = 13

Open fetal 
microneurosurgery, 
n = 42

p value

GA at fetal surgery, wk 25.1 (1.0) 25.3 (0.82) 0.38
Surgery time, min 120.6 (25.4) 107.3 (30.3) 0.15
Maternal hospital days 6.2 (1.7) 5.6 (1.2) 0.32
Postsurgical maternal pulmonary edema, n (%) 0 (0) 1 (2.4) 0.57
Maternal bleeding requiring blood transfusion, n (%) 1 (7.7) 0 (0) 0.07
Chorioamnionitis, n (%) 1 (7.7) 2 (4.8) 0.68
Placental abruption, n (%) 1 (7.7) 0 (0) 0.07
Oligohydramnios, n (%) 2 (15.4) 0 (0) 0.01
Chorioamniotic separation, n (%) 4 (30.8) 9 (21.4) 0.49
PPROM, n (%) 7 (53.8) 8 (19.0) 0.01
PPROM GA, wk 30.0 (4.2) 31.2 (2.9) 0.41
Intrauterine fetal demise, n (%) 1 (7.7) 0 (0) 0.07
GA at birth, wk 32.7 (4.1) 35.4 (3.0) 0.03
Interval between fetal surgery and delivery, weeks 7.5 (3.8) 9.7 (3.0) 0.04
Cesarean delivery, n (%) 13 (100) 39 (92.9) 0.32
Intact hysterotomy site, n (%) 13 (100) 42 (100) 1.00
Preterm delivery <37 wk, n (%) 10 (76.9) 22 (52.4) 0.12
Preterm delivery <34 wk, n (%) 8 (61.5) 9 (21.4) 0.01
Preterm delivery <32 wk, n (%) 4 (30.8) 5 (11.9 0.11
Preterm delivery <30 wk, n (%) 3 (23.1) 3 (7.1) 0.11
Birth weight, g 1,992 (724) 2,207 (656) 0.32
Neonatal death, n (%) 2 (15.4) 2 (4.8) 0.20
Perinatal death, n (%) 3 (23.1) 2 (4.8) 0.04
Reversal of Chiari II malformation, n (%) 6 (46.2) 26 (61.9) 0.31
Increase fetal cerebral lateral ventricle size, n (%) 7 (53.8) 21 (50.0) 0.81

Results are expressed as mean (standard deviation) or percentages. GA, gestational age; PPROM, preterm 
premature rupture of membranes.
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Table 3. Infant characteristic during follow-up among survivors

Classic open 
fetal surgery, 
n = 10

Open fetal 
microneurosurgery, 
n = 40

p value

Infant age at last evaluation, months 32.5 (5.1) 12.2 (9.1) <0.01
Infant age >1 year, n (%) 10 (100) 18 (45.0) <0.01
Hydrocephaly, n (%) 4 (40) 8 (20.0) 0.19
Ventriculoperitoneal shunting, n (%) 2 (20.0) 3 (7.5) 0.24
Infant age at shunting, days 20.5 (16.3) 37.0 (32.8) 0.57
Ventriculostomy by neuroendoscopy, n (%) 2 (20.0) 5 (12.5) 0.54
Infant age at neuroendoscopy, months 31.6 (34.5) 11.0 (3.2) 0.25
Neonatal skin dehiscence, n (%) 0 (0) 0 (0) 1.00
Cerebrospinal fluid leakage after birth, n (%) 2 (20.0) 2 (5.0) 0.12
Postnatal surgery, n (%) 2 (20.0) 2 (5.0) 0.12
Absent inferior limb movements, n (%) 1 (10) 8 (20.0) 0.46

Results are expressed as mean (standard deviation) and percentage.

Table 4. Maternal and fetal studied variables from patients fulfilling GA within MOMs criteria for intrauterine 
SB repair

N = 13 N = 30 p value

GA at fetal surgery, wk 25.1 (1.0) 24.9 (0.54) 0.49
Surgery time, min 120 (25.4) 108 (31.3) 0.24
Maternal hospital days 6.2 (1.7) 5.6 (1.1) 0.18
Postsurgical maternal pulmonary edema, n (%) 0 (0) 0 (0) 1.00
Maternal bleeding requiring blood transfusion, n (%) 1 (7.7) 0 (0) 0.12
Chorioamnionitis, n (%) 1 (7.7) 2 (6.7) 0.90
Placental abruption, n (%) 1 (7.7) 0 (0) 0.12
Oligohydramnios, n (%) 2 (15.4) 0 (0) 0.03
Chorioamniotic separation, n (%) 4 (30.8) 5 (16.7) 0.29
PPROM, n (%) 7 (53.8) 5 (16.7) 0.01
PPROM GA, wk 30.0 (4.2) 30.6 (3.3) 0.75
Interval between fetal surgery and delivery, weeks 7.5 (3.8) 10.0 (3.3) 0.03
GA at birth, wk 32.7 (4.1) 35.0 (3.3) 0.05
Cesarean delivery, n (%) 13 (100) 28 (93.3) 0.34
Intact hysterotomy site, n (%) 13 (100) 30 (100) 1.00
Preterm delivery <37 wk, n (%) 10 (76.9) 14 (46.7) 0.06
Preterm delivery <34 wk, n (%) 8 (61.5) 7 (23.3) 0.01
Preterm delivery <32 wk, n (%) 4 (30.8) 5 (16.7) 0.29
Birth weight, g 1,992 (724) 2,127 (633) 0.54
Perinatal death, n (%) 3 (23.1) 2 (6.7) 0.12
Reversal of Chiari II malformation, n (%) 6 (46.2) 20 (66.7) 0.21
Increase fetal cerebral lateral ventricle size, n (%) 7 (53.8) 14 (46.7) 0.67
Infant age at last evaluation, months 32.5 (5.1) 12.7 (9.6) <0.01
Infant age >1 year 10/10 (100%) 13/28 (46.4%) <0.01
Hydrocephaly 4/10 (40%) 5/28 (17.9%) 0.16
Ventriculoperitoneal shunting 2/10 (20%) 2/28 (7.1%) 0.25
Ventriculostomy by neuroendoscopy 2/10 (20%) 3/28 (10.7%) 0.46
Neonatal skin dehiscence, n (%) 0 (0) 0 (0) 1.00
Cerebrospinal fluid leakage at birth 2/10 (20%) 2/28 (7.1%) 0.25
Postnatal surgery 2/10 (20%) 2/28 (7.1%) 0.25
Absent inferior limb movements 1/10 (10%) 6/28 (21.4%) 0.42

GA, gestational age; PPROM, preterm premature rupture of membranes; SB, spina bifida.
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terotomy, decreased fetal manipulation, and mainte-
nance of a normal amniotic fluid and uterine volume dur-
ing the whole fetal intervention and was associated with 
better perinatal outcomes, lower rate of preterm delivery, 
PPROM, and perinatal death compared to the classic 
open fetal surgery technique.

Classic open fetal surgery was initially performed 
through a 6- to 8-cm hysterotomy, allowing the pediatric 
neurosurgeon a good visualization for a multilayer cor-
rection of the neural defect [3]. However, such technique 
has showed potential risks of maternal morbidity and 
complications such as PPROM, preterm delivery, placen-
tal abruption, chorioamniotic separation, chorioamnion-
itis, perinatal death, maternal pulmonary edema, uterine 
bleeding requiring maternal blood transfusion, and uter-
ine dehiscence at delivery [4, 5]. The concept of decreas-
ing the hysterotomy length for MMC repair in an attempt 
to decrease maternal morbidity and perinatal complica-
tions was first reported by Botelho et al. [10]. In such 
study, the outcomes of 39 consecutive fetuses managed 
with open fetal surgery through a 2.5–3.5 cm hysterotomy 
were evaluated showing a 50% decreased risk of PPROM 
and preterm delivery, with no maternal, fetal or neonatal 
complications. In agreement with such study, the PPROM 
rate, preterm delivery rate, and short-term neonatal out-
comes in our microneurosurgery technique compare fa-
vorably against those in our control group and with the 
results reported in previous published studies (Table 5).

In a small cohort of MMC cases, the team at Texas 
Children’s Hospital recently reported a novel fetoscopic 
technique using a two-port approach with an exteriorized 
uterus showing good perinatal outcomes with lower rate 
of preterm delivery and PPROM than previous published 
techniques [14–17]. In terms of uterine invasion, since 
our technique requires a hysterotomy of only 15-20 mm, 
it could be argued that our technique may be as minimal-
ly invasive as the fetoscopic approach which requires 2 or 
3 ports of 5 mm, that is, 2 or 3 uterine incisions of at least 
5 mm each. However, our technique had required lower 
surgical time than all fetoscopic techniques (Table 5) [8, 
9, 14–16]. Another potential strength of our technique 
over the fetoscopic approach is that it does not require the 
use of carbon dioxide insufflation into the amniotic cav-
ity, and thus avoidance its potential theoretical risks [18, 
19]. In addition, our results also suggest that decreasing 
the hysterotomy diameter, minimizing fetal manipula-
tion, and maintaining normal amniotic fluid volume dur-
ing fetal surgery may be associated with a lower incidence 
of oligohydramnios during fetal follow-up. While no cas-
es of fetal oligohydramnios were observed neither in our 

microneurosurgery technique nor in Botelho’s study with 
minihysterotomy, the classic open fetal surgery and all 
fetoscopic techniques have showed oligohydramnios 
rates of 23 and 14%, respectively [7, 14–17, 20].

Although we expect that minimizing the uterine inci-
sion may also improve reproductive outcomes by reduc-
ing the risk of uterine rupture and the rate of cesarean 
section, other obstetrical parameters such as parity, bish-
op score, labor stage, fetal estimated weight, and fetal po-
sition must be also considered for an algorithm for a clin-
ical decision regarding vaginal birth in this population. 
Notably, a few patients treated with our technique showed 
an unplanned but uneventfully vaginal delivery. This ob-
servation may represent the basis for further studies eval-
uating the possibility of a planned vaginal delivery in se-
lected cases with open microsurgery.

Our study supports the current evidence demonstrat-
ing that fetal surgery for SB repair decreases the risk of 
hydrocephalus and the need of ventriculoperitoneal 
shunting, with a low risk of perinatal death [3, 11, 20, 21]. 
We recognize that our study has also some limitations. 
First of all, although similar or higher than that in previ-
ous published studies, our included sample size is limit-
ed, and further studies are required for an external vali-
dation of our results. The lack of long-term neurological 
outcomes is also a limitation, and therefore, a long-term 
study is required to confirm the potential benefits and 
neurological outcomes of our minimally invasive neuro-
surgical intervention. Of note and contrary to the MOMs 
trial, cases with diagnosis or referral between 26 and 28 
weeks of gestation were also selected for fetal interven-
tion. Although, this is not the first published study in-
cluding cases above 26 weeks of gestation [10, 11, 15, 16, 
22], a previous study by Peralta et al. [11] showed that 
early GA at surgery was associated with higher rates of 
hindbrain herniation reversal and lower frequency of 
ventriculoperitoneal shunting, and therefore, it would be 
expected that fetal interventions above 26 weeks may be 
associated with poorer neurological outcomes, but fur-
ther comparison studies between early and late surgical 
procedures are required to justify the upper limit of GA 
at surgery. In addition, it could be argued that a potential 
risk of trauma to the placode may exist during fetal ma-
nipulation used to expose the neural tube defect through 
a tiny uterine incision. However, the fact that amniotic 
membranes were plicated against myometrium makes 
such risk very unlikely. Finally, as a potential limitation 
for the widespread use of this novel approach for intra-
uterine SB repair, it must be acknowledged that such 
minimally invasion procedure is very challenging be-
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cause it reduces visualization of the surgical field and 
thus requires advanced training of the neurosurgeon. 
Nevertheless, using different surgical tools such as the 
self-retaining retractor allows for spreading the surgical 
site to about 5 mm and increases maneuvering through 
the smaller uterine access diameter. In addition, using 
the exoscopic system or surgical loupes enhanced pedi-
atric neurosurgeon enhanced surgical field understand-
ing and improved hand-eye coordination for a proper 
prenatal surgical correction of SB [23], but we learned 
that using surgical loupes, which are cheaper than the 
exoscopic system, was enough to improve magnification 
and visualization of the surgical field on this high-preci-
sion neurosurgical procedure. In conclusion, our initial 
experience suggests that open fetal microneurosurgery 
for neural tube defect repair is feasible and is associated 
with better perinatal outcomes and similar short-term 
neurological outcomes than the classic open fetal surgery 
technique.
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