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Preschool neurodevelopmental outcome of children
following fetal myelomeningocele closure
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OBJECTIVE: We sought to investigate the preschool neurodevelop-
mental outcomes of children following fetal myelomeningocele (fMMC)
surgery.

STUDY DESIGN: Prior to the Management of Myelomeningocele Study
trial, 54 children underwent fMMC closure at our institution. Thirty
(56%) returned at 5 years of age for standardized neurocognitive exam-
ination. Scores were grouped as high-average, average, mildly delayed,
and severely delayed by SD intervals.

RESULTS: Mean verbal intelligence quotient (VIQ), performance intelli-
gence quotient (PIQ), and full intelligence quotient (FIQ) scores were
within normal population range. High-average or average scores for

VIQ, PIQ, FIQ, and processing speed were found in 93%, 90%, 90%,
and 60%, respectively. Mean FIQ and processing speed of nonshunted
children were significantly higher than for those who required shunt
placement (P = .02 and P = .01, respectively). Mean VIQ and PIQ
tended to be higher in nonshunted fMMC children (P = .05).

CONCLUSION: The majority of fMMC children in this highly selective
population had average preschool neurodevelopmental scores. fMMC
children who did not require shunt placement were more likely to have
better scores.
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yelomeningocele (MMC) is a

devastating congenital malfor-
mation with complex physical and neu-
rodevelopmental sequelae that affects
approximately 1 in every 2000 live births.
MMC is characterized by defective fu-
sion of the caudal neural tube and expo-
sure of the meninges and neural tissue to
the intrauterine environment. Depend-
ing on the level of neural tube defect,
MMC results in variable degrees of lower
extremity motor and sensory deficits, fe-
cal and urinary incontinence, and sexual
dysfunction. In addition to the spinal
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cord dysfunction, significant problems
in MMC arise from hydrocephalus and
hindbrain herniation as part of the
Chiari IT malformation. The incidence of
hydrocephalus associated with MMC
ranges between 70-90% and the children
are usually shunt dependent for life."™*
Hydrocephalus adversely affects intellec-
tual outcome and results in late morbid-
ity and mortality caused by shunt
malfunction or infection. Generally,
children with MMC are at increased risk
for neurocognitive impairments, poor
school achievement, social challenges,
language deficits, and visual motor inte-
gration (VMI).?

Prior to 1997, fetal surgical interven-
tion was considered only for fetuses with
life-threatening anomalies.”” However,
the severe morbidity and significant
mortality associated with MMC com-
bined with compelling experimental ev-
idence in animal models that demon-
strates the neurological deficits in MMC
are acquired early in fetal life and
progress in severity throughout gesta-
tion led to consideration of prenatal in-
tervention for MMC.® Early clinical ex-
perience in human beings suggests that
ongoing damage to the spinal cord might

be alleviated by in utero closure and that
fetal intervention potentially improves
hindbrain herniation, ventriculoperito-
neal shunt rate, and neurofunctional
outcome.*”"?

We recently reported on short-term
neurodevelopmental outcomes of chil-
dren who underwent fetal MMC
(fMMC) surgery at our institution.'* We
found that at 2 years of age approxi-
mately two thirds of fIMMC children had
cognitive language and personal social
skills in the low-average to average range.
Despite these promising initial results it
is currently unknown whether fMMC
closure impacts on long-term cognitive
and developmental outcomes given the
fact that neurodevelopmental skills dur-
ing early childhood (<3 years) may not
be necessarily predictive of outcome in
later life.'* It is possible that the neuro-
developmental deficits identified in our
previous study were transient or, con-
versely, greater deficits may emerge over
time. We have continued to follow up
this population of children who under-
went fMMC surgery prior to the Na-
tional Institutes of Health (NIH)-spon-
sored Management of MMC Study
(MOMYS) trial to investigate preschool
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Selection criteria for fetal
myelomeningocele repair
at Children’s Hospital

of Philadelphia

e <26 wks’ gestation

o Confirmed normal karyotype

o Absence of associated congenital
malformations

o Maximum lateral ventricular diameter of
<17 mm

o Severe Arnold-Chiari Il malformation

e =S1-level lesion

« Normal leg movement and absence of
talipes deformity

Danzer. Neurodevelopmental outcome of children
following fMMC closure. Am ] Obstet Gynecol 2010.
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MATERIALS AND METHODS
Patient population

This study was approved by the Com-
mittee for Protection of Human Subjects
Institutional Review Board (IRB# 2000-
11-2081). From January 1998 through
February 2003, 58 patients met our in-
clusion criteria (Table 1) and underwent
fMMC closure. All infants were subse-
quently delivered by cesarean section
and received neonatal care at our institu-
tion. Details of the preoperative evalua-
tion, surgical approach, and postnatal
management have been described previ-
ously.*'>>!* Data collected from ma-
ternal prenatal charts, postnatal hospital
charts, and follow-up records included
gestational age at fetal intervention, ana-
tomical lesion level, and clinical out-
comes. Operative reports of shunt place-
ment, if performed, were reviewed to
determine timing and indications for
shunt placement. Neurosurgical criteria
for ventriculoperitoneal shunt place-
ment have been previously described.'?
Families were asked to return for fol-
low-up at 1, 2, 3, and 5 years of adjusted
age. Each visit included evaluations by a
pediatrician, physical therapist, develop-
mental psychologist, radiologist, neuro-
surgeon, and urologist. Neurodevelop-
mental testing was administered by
either a trained psychologist or psy-
chometrist, supervised by a pediatric
psychologist (M.G.). The neurodevelop-

mental outcome data from their fol-
low-up visit form the basis of this study.

Neurodevelopmental assessment

at1, 2, and 3 years of age

The protocol for the neurodevelopmen-
tal assessment has been described else-
where."* Briefly, development was as-
sessed by the Bayley Scales of Infant
Development (BSID), 2nd edition, and
the Preschool Language Scales-I11 (PLS)
for cognitive development. The BSID isa
well-standardized assessment measure
for children from birth-3 years of age
that generates 2 separate scores. The
Mental Developmental Index (MDI)
evaluates cognition, language, memory,
problem solving, and social skills, and
the Psychomotor Developmental Index
assesses fine and gross motor skills. The
PLS is a standardized assessment of
speech and language, and consists of
PLS-EXP (expressive) that evaluates use
of expressive language and PLS-REC (re-
ceptive) that assesses comprehension of
language. Both the BSID and PLS yield
scores that are normalized to a mean of
100 = 15. Therefore, a score of =70 is
>2SD below the mean. Scores were
grouped as average, mildly delayed, and
severely delayed by SD intervals (115-85,
71-84, <70).

Neurodevelopmental assessment

at 5 years of age

Cognitive testing

The Wechsler Preschool and Primary Scale
of Intelligence, 3rd Edition (WPPSI-III),
was administered to assess cognitive
function.'”” The WPPSI-III is a widely
used, standardized assessment tool
shown to be both valid and reliable. The
scales are comprised of 10 verbal and
performance subtests and yield verbal
intelligence quotient (VIQ), perfor-
mance intelligence quotient (PIQ), full
intelligence quotient (FIQ), and process-
ing speed (PS) scores (expected mean:
100 = 15). Scores were grouped as above
average, average, mildly delayed, and se-
verely delayed by SD intervals (=116,
115-85, 71-84, <70). The Vineland
adaptive behavior scale was adminis-
tered to assess cognitive function in
those children whose delays prevented
completion of WPPSI-III testing.
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Achievement testing

fMMC children were evaluated with the
Woodcock-Johnson Psychoeducational
Battery-Revised'® that evaluates aca-
demic performance in reading (letter
identification and passage comprehen-
sion) and math (calculation and applied
problems) that are scaled with a mean
100 £ 15.

Tests of VMI

The Beery-Buktenica Developmental
Test of VMI was used to assess visual spa-
tial and VMI ability (mean, 100 = 15)."”
The test involves copying of geometric
forms and is designed to identify poten-
tial learning problems.

Test of Differential Abilities Scales

The test of Differential Abilities Scales
(DAS) is a standardized intelligence test
for assessing general verbal and nonver-
bal functioning.'® Scores are reported in
form of a t score. The average t score is
50 = 10.

Statistical analysis

Descriptive statistics, 2-sided ¢ test, and
median test were used for statistical
comparison to evaluate the overall clini-
cal and early neurocognitive outcome
between fMMC survivors who returned
for serial follow-up evaluation and those
who did not return.

To evaluate the neurodevelopmental
outcome, fMMC children who returned
for follow-up were divided into 2 groups:
nonshunted vs shunted. The 2-sided
ttest, median test, and logistic regression
analysis were used for statistical compar-
isons as appropriate. P <.05 was consid-
ered statistically significant. All statistical
tests were performed using a statistical
software package (JMP, version 7.0; SAS
Corp, Cary, NC).

RESULTS

Patient population

Prior to the National Institute of Child
Health and Human Development-
MOMS trial, 58 patients underwent
fMMC closure at our institution. All
fMMC children were delivered =36-37
weeks of gestation because of preterm
rupture of membranes, preterm labor, or
the obstetrical risks associated with the
maternal hysterotomy and their overall
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TABLE 2
Fetal myelomeningocele patient demographics
All fMMC children ~ fMMC children evaluated  fMMC children who
Demographic (n = 54) at5y (n = 30) did not return (n = 24)  Pvalue
GA at fetal surgery (wk, mean = SD) 23114 23.0+11 23.3+1.6 .46
GA at delivery (wk, mean = SD) 347 +25 354+18 339+29 .03
Birthweight (g, mean = SD) 2482.6 = 586.5 2689.7 = 479.3 2223.9 = 614.2 <.001
Median Apgar score at 1 min (range) 8 (1-9 8 (1-9) 8 (2-9) 91
Median Apgar score at 5 min (range) 9 (6-10) 9 (6-10) 9 (7-9) .28
Maximum prenatal VM (mean =+ SD) 11.1+24 11.2+25 111 +22 .58
Maximum postnatal VM (mean =+ SD) 16.1 = 4.2 16.5 = 4.1 15.8 = 4.3 .23
Increase in lateral ventricular width (mean = SD) 49+29 53+ 3.1 49+ 26 19
VP shunt placement for symptomatic VM 26 (48%) 14 (47%) 12 (50%) .46
Age at shunt placement (mo, mean + SD) 54+29 49+28 6.1 = 3.1 .32
Median level of lesion (range) L4 (T8-S1) L4 (T12-S1) L4 (T8-S1) 45
Ambulatory status at age 5 y° .66
Independent 37 (69%) 22 (73%) 15 (62%)
Assisted walking 13 (24%) 6 (20%) 7 (30%)
Wheelchair dependent 4 (7%) 2 (7%) 2 (8%)
fMMC, fetal myelomeningocele; GA, gestational age; VM, ventriculomegaly; /P, ventriculoperitoneal.
L Danzer. Neurodevelopmental outcome of children following fMMC closure. Am ] Obstet Gynecol 2010. )

clinical outcome has been extensively
described elsewhere.'* Four pregnancies
were lost due to complications of severe
prematurity following delivery for un-
controlled preterm labor at 25, 26, 27,
and 27 weeks of gestation, respectively.
Overall neonatal survival following
fMMC surgery was 93%.

Forty-nine of the 54 (91%) survivors
returned at least once for detailed neuro-
developmental assessment during the
first 5 years of life. Overall, 37 (68%) re-
turned for follow-up evaluation at 1
year, 30 (56%) at 2 years, 29 (54%) at 3
years, and 30 (56%) at 5 years. Baseline
characteristics and fetal surgery details of
fMMC children who returned and those
who did not return for detailed assess-
ment at 5 years of age are summarized in
Table 2. There were no differences in
time of fetal surgical intervention, MMC
lesion level, degree of ventriculomegaly
progression, incidence of ventriculo-
peritoneal shunt placement, and overall
ambulatory status between groups.
However, mean birthweight and mean
gestational age at delivery were statisti-
cally significantly lower in fMMC chil-

dren who did not return compared to
those who did return.

Neurodevelopmental assessment

<3 years of age

To evaluate whether children who re-
turned serially and those who did not
had different early neurodevelopmental
outcomes, comparisons were made
among the mean MDI, Psychomotor
Developmental Index, PLS-EXP, and
PLS-REC scores at the latest available
evaluation of children who only re-
turned for their 1-, 2-, or 3-year assess-
ment and the 1-, 2-, or 3-year scores of
fMMC children who underwent pre-
school neurodevelopmental assessment
at 5 years of age. As demonstrated in Ta-
ble 3, mean neurodevelopmental scores
were similar between groups, suggesting
that early neurodevelopmental out-
comes of fMMC children who returned
for the 5-year evaluation were similar to
those who did not return.

The early (<36 months of age) neuro-
logical outcomes grouped by SD inter-
vals for fMMC children who returned
for the preschool assessment at 5 years of
age (average, mildly delayed, and se-

verely delayed range) are summarized in
Table 4. As previously reported,'* chil-
dren who did not require shunt place-
ment for symptomatic ventriculomegaly
scored significantly more often within
the average range than shunted fMMC
during the neurocognitive assessment
during the first 3 years of age.

Neurodevelopmental assessment

at 5 years of age

In the cohort of 30 patients who returned
for the 5-year neurodevelopmental as-
sessment, there were 14 female and 16
male fMMC children. Shunt rate was
47% (14/30). Mean age at assessment
was 61 months (median, 61; range, 54—
71). Operative variables and baseline de-
mographics were similar between non-
shunted and shunted fMMC children
who underwent preschool evaluation
(data not shown).

For the entire cohort mean WPPSI-III
VIQ, WPPSI-III PIQ, WPPSI-IIT FIQ,
and WPPSI-III PS was 100.8 = 18.9 (me-
dian, 101; range, 50—131), 93.1 = 15.1
(median, 96; range, 50-114), 95.4 = 16
(median, 98; range, 50-124), and 93.9 *
16.8 (median, 85; range, 50—128), re-
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TABLE 3
Infant comparative neurodevelopmental outcomes

fMMC children fMMC children who P

Variable evaluated at5y did not return value
12 mo MDI 87.0 + 15.5 (92; 50-107) 90.1 + 13.2 (90; 58-107) 52
12 mo PDI 56.7 = 9.2 (54; 50-88) 56.1 = 6.2 (57; 50-67) .81
12 mo PLS-EXP 87.4 = 14.3 (84; 50-113) 90.2 = 14.3 (85; 71-113) .58
12 mo PLS-REC 84.5 = 12.9 (85; 50-119) 94.5 =141 (89; 79-121) .05
24 mo MDI 91.5 = 18.6 (96; 50-112) 94.6 = 13.0 (94; 72-118) .60
24 mo PDI 58.1 = 11.5 (52; 50-88) 57.6 = 12.5 (50; 50-87) .92
24 mo PLS-EXP 87.5 = 19.7 (97, 50-117) 93.6 = 10.0 (94; 77-108) .78
24 mo PLS-REC 92.8 = 21.0 (92; 50-135) 90.5 = 13.0 (89; 71-113) .26
36 mo MDI 92.7 = 16.2 (97; 50-114) 86.1 = 18.1 (95; 54-103) A1
36 mo PDI 66.0 = 14.9 (66; 50-97) 61.9 = 12.5 (63; 50-82) A7
36 mo PLS-EXP 94.7 = 17.7 (97; 50-133) 97.0 = 9.8 (98; 84-111) .68
36 mo PLS-REC 100.6 = 20.3 (102; 50-137) 97.0 = 14.1 (103; 81-112) .65
fMMC, fetal myelomeningocele; MDI, Mental Developmental Index; PDI, Psychomotor Developmental Index; PLS-EXP, Pre-
school Language Scales-lll—-expressive language; PLS-REC, Preschool Language Scales-lll-receptive language.
Data presented as mean * SD (median; range).

L Danzer. Neurodevelopmental outcome of children following fMMC closure. Am J Obstet Gynecol 2010. )

spectively. Thus mean WPPSI-IIT VIQ,
mean WPPSI-III PIQ, mean WPPSI-III
FIQ, and mean WPPSI-III PS for the en-
tire fIMMC cohort was similar to popu-
lation norms. High-average or average
scores for WPPSI-III VIQ, WPPSI-III
PI1Q, WPPSI-III FIQ, and WPPSI-III PS
were found in 93%, 90%, 90%, and 60%
of all IMMC children. Mean FIQ and PS

scores of nonshunted children were sig-
nificantly higher than those for children
who required shunt placement (P = .02
and P =.01, respectively). Mean VIQ
and PIQ of nonshunted children tended
to be higher than the mean VIQ and PIQ
in the shunted group, although this did
not reach statistical significance (P = .05
and P = .07, respectively) (Table 5). The

neurocognitive outcomes, stratified by
SD intervals for nonshunted and
shunted fMMC children, are shown in
Figure 1.

The results of the Woodcock-Johnson
Psychoeducational Battery achievement
tests demonstrate mean scores for the
group that was similar to expected pop-
ulation mean score (Table 6). Risk for
learning disability, defined as an achieve-
ment score 15 points lower than the mean
score, and significant learning disabilities,
defined as an achievement score 2SD be-
low the mean score, were noted in 4 (13%,
3 with shunt) and 3 (10%, all with shunt)
fMMC children, respectively.

The mean VMI score for the entire
fMMC cohort was 88.3 = 19.0 (median,
90; range, 50—-120), which is in the low-
average range compared to population
norms. fMMC children who required
shunt placement for progressive ven-
triculomegaly tended to have lower VMI
scores than nonshunted fMMC patients,
but no statistical difference was found
between groups (nonshunted: 94.1 =
18.3 [median, 96; range, 57-120] vs
shunted: 81.8 = 18.3 [median, 83; range,
50-103], P = .07). Also when grouped
according to SD intervals, 69% of the
nonshunted fMMC children had normal
VMI scores, 25% demonstrated mild to
moderate delays, and 6% presented with

4 )
TABLE 4
Stratified infant neurocognitive outcomes
Entire study cohort Nonshunted Shunted
Mildly Severely Mildly Severely Mildly Severely
Variable Average delayed delayed Average delayed delayed Average delayed delayed
12 mo MDI 65% 22% 13% 79%* 21% 0% 44.4% 22.2% 33.3%
12 mo PLS-EXP 45.5% 45.5% 9% 62%2 38% 0% 22.2% 55.6% 22.2%
12 mo PLS-REC 64% 31% 5% 85%* 15% 0% 33% 56% 11%
24 mo MDI 70% 15% 15% 80%? 20% 0% 50% 12.5% 37.5%
24 mo PLS-EXP 60% 15% 25% 84%* 8% 8% 25% 25% 50%
24 mo PLS-REC 65% 25% 10% 92%* 8% 0% 25% 50% 25%
36 mo MDI 82% 9% 9% 91%* 9% 0% 73% 9% 18%
36 mo PLS-EXP 70% 25% 5% 82%* 18% 0% 56% 33% 11%
36 mo PLS-REC 80% 15% 5% 91%* 9% 0% 67% 22% 1%
MDI, Mental Developmental Index; PLS-EXP, Preschool Language Scales-lli-expressive language; PLS-REC, Preschool Language Scales-lli-receptive language.
Data presented as percent.
@ P < .01 (average nonshunted vs average shunted fetal myelomeningocele children).
Danzer. Neurodevelopmental outcome of children following fMMC closure. Am ] Obstet Gynecol 2010.
. J
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TABLE 5
WPPSI-III preschool neurocognitive outcomes
Variable Entire study cohort Nonshunted Shunted P value
WPPSI-IIl VIQ 100.8 £+ 18.9 (101; 50-130) 107 = 12.9 (102; 86—-130) 93.6 = 22.3 (95; 50-131) .05
WPPSI-IIl PIQ 93.1 £ 15.1 (96; 50-114) 97.6 £ 7.1 (97; 88-114) 87.9 +19.9 (92; 50-112) .07
WPPSI-IIl FIQ 95.4 = 16.0 (98; 50-124) 101.4 £ 7.3 (99; 92-121) 88.6 = 20.4 (89; 50-124) .02
WPPSI-IIl PS 87.3 = 16.8 (85; 50-128) 93.9 £ 10.7 (94; 78-119) 79.3 = 20 (80; 50-128) .01
FIQ, full'intelligence quotient; PIQ, performance intelligence quotient; PS, processing speed; VI@Q, verbal intelligence quotient; WPPSI-IIl, Wechsler Preschool and Primary Scale of Intelligence, Third
Edition.
Data presented as mean = SD (median; range).
Danzer. Neurodevelopmental outcome of children following fMMC closure. Am J Obstet Gynecol 2010.
. J

significant delays; while in the shunted
fMMC group the VMI scores were nor-
mal, mildly to moderately delayed, and
severely delayed in 50%, 14%, and 36%,
respectively.

Memory abilities were assessed using
the DAS assessment. Although the mean
tscore for the DAS assessment of recall of
objects (40.6 == 11.2 [median, 43; range,
20-61]) remained within the average SD
interval, 50% of nonshunted fMMC
children and 45% of shunted fMMC
children had recall of objects scores be-
low average. The mean T-score for the
DAS assessment recognition of pictures
of the fIMMC cohort (46.3 * 6.6 [me-
dian, 46; range, 28-58]) was slightly
lower than the population norms. Inter-
estingly, compared to the recall of ob-
jects scores, none of the nonshunted
children and only 20% of the shunted
children had recognition of pictures
scores that were below average.

Serial assessment of
neurodevelopmental outcome

When early MDI scores where compared
to the 5-year VIQ scores we found an im-
provement in neurocognitive status in
60% of IMMC children who returned for
serial follow-up assessment (Figure 2).
Of those, 50% improved their overall
neurodevelopmental status from mildly
delayed at 2 years of age to average scores
at 5 years or from an average to a high-
average score. The remaining 50% im-
proved their scores, but remained within
SD intervals. The observed upward trend
appeared to be independent of shunt sta-
tus as 60% of the nonshunted and 58% of
the shunted fMMC children improved
their neurocognitive scores.

COMMENT

It is increasingly recognized that assess-
ment of neurodevelopmental outcome is
fundamental in the evaluation of the im-
pact of novel medical and surgical inter-
ventions. Preliminary data suggest that
midgestational MMC closure reverses
hindbrain herniation and subsequently
favorably impacts on brain stem func-
tion, reduces the requirement for ven-

FIGURE 1

triculoperitoneal shunt placement, and
enhance short-term lower extremity and
ambulatory status.**'* However, long-
term neurocognitive outcomes follow-
ing fMMC surgery have not yet been re-
ported. We therefore evaluated the
impact of prenatal intervention on neu-
rodevelopmental outcome during pre-
school age in a cohort of surviving chil-
dren who underwent maternal-fetal

WPPSI-IlI preschool neurocognitive outcomes
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Plot of test scores for Wechsler Preschool and Primary Scale of Intelligence, Third Edition, verbal
intelligence quotient (1Q), performance 1Q, full 1Q, and processing speed for fetal myelomeningocele
(fMMC) children undergoing standardized cognitive testing. Percentage of patients is shown on y-axis,
and tests scores are displayed on x-axis. Expected population mean score is 100 with SD of 15.
WPPSI-IIl, Wechsler Preschool and Primary Scale of Intelligence, Third edition.
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TABLE 6
Preschool psychoeducational achievement testing
Variable Entire study cohort Nonshunted Shunted P value
WJ read 106.7 + 21.3 (109; 50-142) 112.8 = 10.3 (114; 95-130) 99.2 + 28.7 (105; 50~142) .09
WJ L-W 105.6 = 20.5 (110; 50-136) 111.3 = 8.0 (111; 95-126) 98.7 = 28.3 (100; 50~136) 1
WJ attack 113.4 + 14.4 (111; 83-139) 115.1 = 10.5 (111; 97-135) 111.4 + 18.7 (106; 83-139) 5
WJ math 101.9 + 16.9 (107; 45-129) 103.6 = 11.1 (107; 84-112) 99.3 + 23.3 (101; 45-129) 5
WJ applied 103.2 =+ 17.4 (103; 45-129) 106.8 = 11.4 (105; 86-125) 98.5 + 22.8 (100; 45-129 2
WJ quant 101.6 = 12.9 (105; 74-131) 102.9 = 12.9 (106; 82-121) 99.8 + 19.2 (100; 74-131) 6

Data presented as mean * SD (median; range).

.

applied, applied problems; aftack, word attack; L-W, letter-word identification; math, mathematics reasoning; quant, quantitative concepts; read, basic reading skills; WJ, Woodcock-Johnson.

Danzer. Neurodevelopmental outcome of children following fMMC closure. Am ] Obstet Gynecol 2010.
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surgery for MMC prior to the NIH-
sponsored MOMS trial. Using clearly de-
fined standardized measurements by ex-
aminers who were trained to reliability,
we found that the majority of fMMC
children have average to high-average
preschool neurodevelopmental and cog-
nitive scores. In addition, we observed
that fMMC children scored within the
average to high-average range for writing,
math reasoning, and reading comprehen-
sion—academic achievements known to be

FIGURE 2

commonly impaired in MMC children
who underwent standard neurosurgical
procedures postnatally.”'*?* These find-
ings are intriguing, given the fact that re-
sults of neurodevelopmental assessments
at the age of school entry generally are rel-
atively stable and predictive of long-term
outcome and function into adulthood.
Adverse neurocognitive outcome is a
recognized complication in children
with MMC.>>?"** Impairment has been
related to the synergistic effects of pa-

Infant to preschool comparative trends

150

100

50
12mo-MDI

24 mo-MDI 36mo-MDI

Sy WPPSI-
111 VIQ

Evaluation of individual neurodevelopmental scores (black lines) of fetal myelomeningocele children
who returned serially until 5 years of age. Dotted lines represent expected average score ranges for

population norms (100 = 15).

MDI, Mental Developmental Index; V/Q, verbal intelligence quotient; WPPSI-Ill, Wechsler Preschool and Primary Scale of Intelligence, Third

Edition.
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tient-related factors (eg, level of the le-
sion, number of shunt revision and
infections, environmental factors) and
the configurational dysmorphologic
changes of the developing brain, includ-
ing hindbrain herniation, dysgenesis of
the corpus callosum, malformation of
the midbrain and limbic tract, volume
loss in the cerebellum and posterior cor-
tex, gray matter heterotopia, and white
matter injury.>** An obvious source of
neurodevelopmental difficulties is the
degree of developmental abnormalities
and morbidity associated with severe
ventriculomegaly. In agreement with
this hypothesis, previous studies demon-
strated that postnatally repaired MMC
children with shunted hydrocephalus
have worse neurodevelopmental and
cognitive testing scores than their non-
shunted counterparts with asymptom-
atic ventriculomegaly.>*'>%*! We also
found that fIMMC children who required
ventriculoperitoneal shunt placement
had lower neurodevelopmental and cog-
nitive scores than nonshunted fMMC
children. However, it is important to
note that in contrast to postnatally re-
paired MMC cohorts that required
shunt placement, shunted fMMC chil-
dren had mean VIQ, PIQ, and FIQ scores
that remained within the average to low-
average range. In our fMMC cohorts
overall shunt rate was 48%, which is
lower than the reported 70-90% de-
scribed in postnatally repaired MMC
population."™* We previously demon-
strated that fMMC closure and subse-
quent reversal of hindbrain herniation
improves overall supra- and infratento-



rial brain biometry and normalizes ex-
tra-axial cerebrospinal fluid hydrody-
namics.'®'"  Although intrinsic brain
dysembryogenesis undoubtedly exists in
MMC, we postulate that the reduced
shunt requirement and the better than
expected preschool neurocognitive out-
come in fMMC children might be ex-
plained, at least in part, by the fact that
reversal of hindbrain herniation, rees-
tablishment of normal cerebrospinal
fluid hydrodynamics, and cessation of
progressive ventriculomegaly following
fMMC closure may have reduced the de-
velopment of secondary acquired injury
(ie, ischemia, compression) to the vul-
nerable immature brain during gesta-
tion. Our hypothesis is supported by el-
egant histomorphological studies in
embryos, fetuses, and newborns with
MMC that revealed the aforementioned
dysmorphological changes of the devel-
oping brain were absent in early gesta-
tion MMC embryos, but present later
in gestation and increased in severity
with advancing gestational age until
birth.25,32734

An important finding in this study is
the comparison of early childhood to
preschool neurocognitive results. We
found an upward trend of neurodevel-
opmental scores from 2-5 years of age in
60% of fMMC children who had serial
measurements available. Of those, 50%
improved their overall neurodevelop-
mental status across SD intervals, while
the remaining 50% improved their
scores, but remained within SD inter-
vals. Of note, this upward trend was
independent of shunt status. Neurocog-
nitive scores of =70 reflect severe neuro-
cognitive deficits and were found in 2
fMMC children (4% of total  MMC pop-
ulation) and scores did not increase in
these fMMC children. Although the in-
cidence of mental retardation following
fMMC closure is less than the previously
reported 10-15% in postnatally repaired
MMC cohorts,? these 2 fMMC children
with severe neurological deficits deserve
further comments on their outcomes. In
contrast to the remaining fMMC chil-
dren the postnatal course of these 2 chil-
dren (both shunted) was complicated by
multiple cyanotic apnea episodes in
combination with electroencephalo-

gram-confirmed seizures during the first
year of life in one and the development of
severe intracranial hemorrhage at the
time of shunt revision at 18 months in
the other. We believe that these compli-
cations likely contributed significantly to
the adverse neurocognitive outcome in
these patients, based on the more favor-
able findings in fMMC children without
such complications.

Another important aspect of neuro-
cognitive function is visual motor skills.
In contrast to the reported significant
delays in visual motor coordination in
postnatally repaired MMC cohorts,”>?®
we found that visual spatial perception
scores for fMMC children as a group
were mostly within 1SD of the normative
mean VMI scores. However, our results
suggest a link between the requirement
of shunt placement following fetal inter-
vention and poor visual motor coordi-
nation. While nonshunted fMMC chil-
dren demonstrated only mild deficits
in visual recognition and fine motor
perception (median VMI score: 96),
shunted fMMC children had poorer vi-
sual motor coordination skills (median
VMI score: 81). The reason for the dif-
ference in visual spatial coordination
skills in nonshunted vs shunted fMMC
children is unknown. We can only spec-
ulate whether children who require
shunt placement have more extensive
underlying dysgenesis or disorganiza-
tion of their brain regions such as the
corpus callosum that allow a more fre-
quent manifestation of dysfunctional vi-
sual recognition and fine motor integra-
tion than their nonshunted peers.
Additional studies are needed to better
understand the determinants of poor
VMI in fMMC children. Nevertheless,
early recognition is important to help
prevent learning problems, especially in
shunted fMMC children through early
intervention, special education, and re-
habilitative services.

Although our study provides a num-
ber of very intriguing observations, we
recognize there are several potential lim-
itations. First, our strict selection criteria
for fetal surgery (eg, ventriculomegaly of
<17 mm, absence of additional non-
Chiari II malformation—related brain
malformation) may have preselected a
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more favorable group of patients than in
previous reports on neurodevelopmen-
tal outcome in postnatally repaired
MMC children. In addition environ-
mental factors, such as parent education
and socioeconomic status known to be
strongly correlated with neurologic and
developmental outcomes in other con-
genital malformations (ie, congenital
heart disease),’”8 may have also influ-
enced overall neurocognitive outcome
in our population. Of note, >95% of our
fMMC parents have college degrees, all
mothers are either employed or home-
makers, and all fathers are employed.
Furthermore, an intact family support
system was a requirement before offer-
ing fMMC surgery. We appreciate that
the higher than expected educational
level and socioeconomic status of IMMC
families may have been confounding fac-
tors in our analysis. Thus our results may
not be generalizable to other MMC
populations.

Second, although only 56% of the
fMMC patients returned for develop-
mental testing at 5 years of age and the
potential for a selection bias exists, we
have been in yearly contact via telephone
interview with all fMMC families to
gather follow-up information. Parental
report by telephone using a structured
interview indicated mainstream school-
ing with some expectations for addi-
tional support for those fMMC children
who did not return for assessment (un-
published data, E. Danzer, 2009). Third,
we do not have 5-year neurodevelop-
mental outcome data on postnatally re-
paired MMC children managed at our
center during the same time period for
direct comparison and have used previ-
ously reported case series for compari-
son purposes. We acknowledge that
consideration must be taken when com-
paring results from previous studies as
discrepant results may partly be due to
different management methodology,
varying ages at follow-up evaluations,
study design, definitions of neurodevel-
opmental impairment, and different ap-
proaches to reporting of cognitive out-
come. Fourth, although our study
currently provides the longest follow-up
for fMMC children it is crucial to re-
member that our data still represent in-
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fant outcomes in a selected population
and academic deficiencies and the need
for extra educational assistance and so-
cial-emotional challenges may not ap-
pear until later. Therefore, follow-up
evaluations need to be extended through
early adulthood to evaluate stability of
outcomes. Fifth, the 4 fMMC children
(7%) lost because of complications of
preterm delivery in our original cohort
may deserve comments on the safety,
risks, and benefits of IMMC closure. Al-
though perinatal loss is rare in postna-
tally repaired MMC neonates, 15-30% of
MMC children who undergo standard
neurosurgical repair die within the first 5
years of life, and the majority of these
deaths are attributable to complications
associated with severe hindbrain hernia-
tion.”>*' To date there have been no
postnatal losses of our original cohort of
54 surviving fMMC children and all had
reversal of hindbrain herniation. Fur-
thermore we previously demonstrated
that hindbrain herniation—associated
brain stem dysfunction is largely absent
in our population.** Finally, our ability
to evaluate potential confounding fac-
tors that are associated with adverse neu-
rocognitive outcome following fMMC
surgery is limited by the modest sample
size of our cohort. Nonetheless, our
study provides an important contribu-
tion to our developing understanding of
the impact of fetal intervention on
MMC. Perhaps most importantly, the
results of the present study combined
with our previous reports provide fur-
ther support for the rationale for the on-
going NIH-sponsored MOMS trial and
underscore the necessity of its comple-
tion to allow direct comparison between
fetal and postnatal repaired groups for
this promising but not-yet-proven treat-
ment alternative for children with
MMC.

In summary, we found that surviving
children who underwent maternal-fetal
surgery for MMC may have better than
expected neurodevelopmental and neu-
rocognitive outcome during preschool
age compared to previously published
series of postnatally repaired MMC chil-
dren. The majority of fMMC survivors
are at an age-appropriate point in
schooling. However, our results also

demonstrate that fMMC children con-
tinue to demonstrate some mild neuro-
cognitive deficits that are characteristic
of children with MMC (eg, consistently
higher scores in neurocognitive areas
than VMI). Thus, continuation of neu-
ropsychological assessment and close
monitoring of academic and social ad-
justment will be important to identify
fMMC children who may require appro-
priate supportive services. [
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