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Abstract

Background: In spina bifida aperta (SBA), leg movements caudal to the meningomyelocele are
present in utero, but they disappear shortly after birth. It is unclear whether leg movements
disappear by impact of the neuro-developmental malformation or by superimposed traumatic
damage. If superimposed traumatic damage is involved, targeted fetal intervention could im-
prove motor outcome.
Aim: To characterize neuromuscular pathology in association with perinatal motor function loss
in SBA.
Patients/methods: In fetal SBA (n=8; 16–40weeksGA), themedian time interval between ultrasound
registrations of fetal motor behavior and post-mortem histology was 1 week. Histology was assessed
cranial, at and caudal to the meningomyelocele and compared with findings in fetal controls (n=4).
Results: Despite fetal movements caudal to the meningomyelocele (5/6), histology indicated
muscle fiber alterations (6/6) that concurred with neuro-developmental and traumatic spinal
defects [Neuro-developmental defects: spinal ependymal denudation (3/8), reduced amount of
(caspase3-negative) lower motor neurons (LMNs; 8/8), aberrant spinal vascularization (8/8).
Traumatic defects: gliosis (7/8), acute/fresh spinal hemorrhages near LMNs (8/8)].
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Conclusion: In all delivered SBA patients, recent spinal hemorrhages were superimposed upon
pre-existing defects. If early therapeutic strategies can prevent these superimposed secondary
spinal hemorrhages, motor outcome may improve.
© 2007 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Spina bifida aperta (SBA) is characterized by defective fusion
of the neural tube, resulting in exposure of the meningo-
myelocele (MMC) to the amniotic fluid. Leg movements by
myotomes caudal to the meningomyelocele (MMC) are often
still present in utero, but they disappear shortly after birth
[1–3]. The early neonatal disappearance of leg movements
has initiated fetal surgery to preserve these leg movements
[4]. However, although fetal closure of the MMC may reduce
A. Chiari and hydrocephalus [5–7], results on potential
preservation of motor behavior appear less convincing [8–
11]. These disappointing results could be explained by the
occurrence of lower motor neuron (LMN) damage in skin-
covered spinal segments caudal to the MMC [1,12]. Thus far,
however, the direct cause for early neonatal movement loss
remains unclear. Theoretically, early neonatalmotor function
loss could reflect the impact by postnatal gravity upon the
pre-existing neuro-developmental malformation [2]. Alter-
natively, early neonatal motor function loss could also reflect
acquired traumatic damage superimposed upon the neuro-
developmental malformation. In this respect, histological
characterization of neuromuscular damage may help to
identify the direct cause of movement loss. This information
Table 1 Clinical information

Case GA MMC Cause of death Cerebral malf.

1 16 C–Th Misoprostol induction Cheilognato-pala

Holoprosencepha
2 21 Th–L Misoprostol induction Ventriculomegal

Bleedings
3 22 L Misoprostol induction Ventriculomegal

Arnold Chiari
4 25 Th–L Solutio placentae Microcephly

Ventriculomegal
Arnold Chiari

5 34 Th–L Induction, cephalocentesis Data incomplete

6 37 L–S Induction, cephalocentesis Severe HC
7 40 Th–L Induction, cephalocentesis Absent vermis

Ventriculomegal
Arnold Chiari

8 41 Th–L Induction, cephalocentesis Dysgyration
Encephalocele
Arnold Chiari

GA= gestational age, MMC =meningomyelocele,malf. =malformation, H
calcaneovalg. = calcaneovalgus, OEIS = omphalocele, exstrophy, imper
could provide relevant information for optimal timing and
selection of treatment options. If the underlying neuro-de-
velopmental malformation is associated with movement loss,
treatment would mainly focus on rehabilitation. If traumatic
damage is superimposed upon the malformation, therapy
could also aim at (fetal) prevention [13]. In SBA fetuses of
various gestational ages, we reasoned that histological as-
sessment of the spinal cord and associated myotomes could
provide insight in the underlying cause for early neonatal
movement loss.

2. Patients

At the University Medical Center Groningen, we retro-
spectively investigated spinal and muscular histology in 8
SBA fetuses, which were autopsied between 1991 and 2006
(16–40 weeks GA). Parents of all included fetuses gave their
informed consent. The medical ethical committee of our
institute approved the investigation and analysis. The MMC
was at cervical (n=1), thoracic (n=5) or lumbar (n=2) level.
After initiation of vaginal delivery, fetuses were born the
same day. Vaginal delivery was associated with abruptio
placentae (n=1), misoprostol induction (n=3) and cephalo-
centesis (n=4). All four a-term, vaginally delivered patients
Orthopediac malf. Other malf.

toschisis Absent Pancreas annulare
anal atresia

ly
y Absent Absent

y Absent Triplication of the
central canal

Rocker bottom feet Cardiomegaly abnormal
lobulation of lungs

y Leg muscle contractures

Pes calcaneovalg. Lung hypoplasia
Extrophia cloacae
OEIS complex

Absent Absent
Pes calcaneovalg. Palatoschisis

y Fixed knee Atrial septum defect

Eversion feet Dilated ureters
Sacral agenesis

C = hydrocephalus, C = cervical, Th = thoracic, L = lumbar, S = sacral,
forate anus, spinal defects.
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were delivered in vertex position. Six fetuses died during
delivery, two patients immediately thereafter. Clinical data
are summarized in Table 1.

Spinal and muscular histology was also assessed in 4 fetal
controls. The gestational age of the control fetuses [n=4]
varied between 22 and 41 (median 35) weeks. In these fetuses,
delivery occurred spontaneously [n=2], by caesarean section
[n=1] or by misoprostol induction [n=1]. Control fetuses had
died from maternal keto-acidosis (diabetes), premature
rupture of the amniotic membranes, umbilical cord strangula-
tion and complicated twin pregnancy. Spinal or cerebral
malformations were absent in all four control fetuses.

3. Methods

During the prenatal period, motor behavior was assessed by
means of video-taped ultrasound recordings (n=6). The time
interval between video-recordings and delivery was 1 week
(median, range 0–5 weeks). Two independent observers (D.A.S.
and A.F.B.) assessed the quality of movements by Gestalt
Perception [14,15]. According to previously described motor
behavior characteristics in fetal SBA, movements were scored
as: normal; poor repertoire (reduced variability); hardly
discernible (i.e. minimal duration, small amplitude), and non-
fluent (i.e. abrupt character) [2,3].

3.1. Histological data

Histology was assessed in: fused spinal segments cranial to the
MMC (3/8), the cranial border of the MMC (i.e. ≤1 segment
cranial to the MMC (7/8)), open spinal segments at the MMC
(8/8), closed spinal segments caudal to the MMC (8/8) and
subsequently also in corresponding myotomes (6/8). Post-
mortem time before fixation ranged from 2 h to 3 days after
intra-uterine fetal death. The spinal cordwas immersion fixed
in a solution of 4% formalin in PBS (pH 7.4). To this solution
some NaCl was added to make the tissue float in order to
overcome deformities of the tissue during the fixation period
of 2 weeks. Transverse sections of spinal blocks were paraffin
embedded and cut at 5 μm. Spinal abnormalities were
subdivided into neuro-developmental defects or traumatic
lesions. Histological staining of the spinal cord consisted of
haematoxylin–eosin (H&E), cleaved caspase-3 (an apoptosis
marker [16]), Nestin (for progenitor cells), GFAP (for gliosis)
Table 2 Association between fetal motor behaviour and spinal h

Case GA MMC Motor behaviour Moveme

1 16 C–Th L5–S1 Abrupt
2 21 Th–L L5–S1 Normal
3 22 L L5–S1 Normal
4 25 Th–L – –
5 34 Th–L – –
6 37 L–S L5–S1 HD
7 40 Th–L Absent Absent
8 41 Th–L L5–S1 Normal

GA= gestational age,MMC=meningomyelocele, LMN= lowermotor neuron
L = lumbar, S = sacral, HD = hardly discernible,– = no data; N = normal qua
section); SR = severely reduced (b3 LMNs/side/section); HE = hyper-eosi
and CD68 (for macrophages and microglial cells). By H&E
staining, the cellular quantity per motor neuron pool was
estimated. If a spinal transverse section consisted of a motor
neuron pool of less than 5 LMNs, the amount of LMNs was
assessed as reduced. If a spinal transverse section consisted of
a motor neuron pool of less than 3 LMNs, the amount of LMNs
was assessed as severely reduced. Cleaved caspase-3 is a
sensitive apoptosis marker that indicates the point at which
the cell cannot return from the apoptosis cascade [17]. In this
perspective, post-mortem investigation of spinal caspase-3
expression can reveal whether acute LMN cell death had been
initiated recently days before, or not. We reasoned that if
fetal leg movements are present despite caspase-3 positive
LMNs, histological damage underlying neonatal motor func-
tion loss is initiated before birth. If fetal leg movements co-
exist with caspase-3 negative LMNs, early neonatal motor
function loss is initiated at a later time point (i.e. during or
after delivery). For immuno-histochemistry, we applied:
cleaved caspase-3 (1:1000, cell signaling technology, antigen
retrieval (AR) of 1 mM EDTA pH 9 in microwave at 700 W for
8 min); nestin (1:100, Santa Cruz, AR using Tris/HCl at pH 9);
and CD68 (1:100, kp1 clone, DAKO, AR using protease for
8 min). After the application of secondary and tertiary
antibodies for 30 min, the slides were treated with diamino-
benzidine and H2O2 for 10 min and counterstained with
haematoxylin. Normal fetal spinal cordwas used as control for
the immunostaining procedures.

Muscle fiber type differentiation and type grouping
(starting from the 24th week GA onwards [18]), were assessed
by ATP-ase staining in all fetuses older than 24 weeks GA.

3.2. Statistical analysis

Wilcoxon signed-rank testwas applied for comparison between
the amount of LMNs cranial to the MMC with the amount of
LMNs at or caudal to the MMC.

4. Results

4.1. Fetal motor behavior

In 6 of 8 fetuses video-recordings of motor behavior were
present with a median duration of one week prior to delivery.
Muscle contractions caudal to the MMC were present in 5 of 6
istology

nt quality LMN cran. B. MMC LMN at/caud. MMC

N R
N SR, aberrant
R; dystrophic SR
N R; HE
N R
N R; aberrant
– Absent
N R

, cran. B. = cranial border, caud. = caudal, C = cervical, Th = thoracic,
ntity (N5 LMNs/side/section); R = reduced quantity (3–5 LMNs/side/
nophilic.
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fetuses (Table 2). Despite a small and short appearance,
qualitative aspects were normal in 3 of 6 fetuses (case 2, 3
and 8). In two fetuses (case 1 and 6), the quality of leg
movements caudal to the MMC was impaired (i.e. hardly
discernible and abrupt (Table 2)). In the only fetus without
movements caudal to the MMC (case 7), ankle and knee joints
were immobile (Table 1) and spinal organization was severely
abnormal (see next section).

4.2. Spinal histology

Histology of the spinal cord was investigated and compared
between: fused segments cranial to the MMC; the cranial
border of the MMC; open segments at the MMC and fused
segments caudal to the MMC (in 3/8, 7/8, 8/8 and 8/8 fetuses,
respectively). In two fetuses, re-epithelisation of the neurula-
tion defect suggested a smaller morphological size of the MMC
than actually present. In all SBA fetuses, spinal integrity was
Figure 1 Cross-sectional images of the spinal cord. a: Cross-section
box, normal pools of LMNs are indicated. b: Cross-sectional image of
In the box, normal pools of LMNs are indicated. c: Cross-sectional i
GA Aberrant blood vessels (indicated by dotted arrows) are present
is separately indicated. d: Cross-sectional image of the spinal cord c
as in b). A small pool of LMNs with a hyper-eosinophilic LMN (encirc
of LMNs. Dotted arrows indicate aberrant blood vessels (BV). BV = ab
10× and 20×.
better preserved cranial than caudal to the MMC (Fig. 1). At
and caudal to the MMC, neuro-developmental defects con-
sisted of: (severely) reduced number of LMNs (caspase3-
negative, 8/8), abnormal localization of LMNs (2/8), aberrant
spinal blood vessels (8/8, Figs. 1 and 2; see also next section),
abnormal transitions from epithelium to connective tissue
(2/8) and abnormalities of the central canal (6/8, Fig. 2),
such as: abnormal shape (2/8), localization (1/8) and di- or
triplication (3/8). In three fetuses, the ependymal cell lining
between the central canal and underlying neuropil was partly
absent, called “ependymal denudation” [19], Fig. 2. In two
fetuses, immuno-histochemistry staining (nestin, CD68 and
GFAP) showed that ependymal denudation concurred with
local loss of underlying neuropil (containing neural progenitor
cells; Figs. 2 and 3), invasion of macrophages and subsequent
astrogliosis. In all fetal histological assessments, LMNs were
caspase-3 negative. Despite caspase-3 negative staining, the
quantity of LMNs caudal to the MMC was ≥50% less than at
al image of the spinal cord in a control fetus 37 weeks GA. In the
the spinal cord cranial to the MMC in a SBA fetus of 25 weeks GA.
mage of the spinal cord at the MMC in a SBA fetus of 37 weeks
near ectopically located LMNs. An intramedullary hemorrhage
audal to the MMC in a SBA fetus of 25 weeks GA (identical fetus
led) is indicated. Spinal hemorrhages occur in the surroundings
undant and aberrant blood vessels; H&E staining; augmentation:



Figure 2 Spinal cross-sectional images in fetal SBA. a: Area medullovasculosa caudal to the MMC in a SBA fetus of 37 weeks GA.
Aberrant blood vessels are indicated. b: Abnormal shape of the central canal caudal to the MMC in a SBA fetus of 40 weeks GA. At the
dorsal side of the central canal, ependymal denudation and a large, recent hemorrhage is indicated. At the ventral side of the canal,
aberrant blood vessels are present. c: Cross-sectional image of the spinal cord caudal to the MMC in a SBA fetus of 37 weeks GA.
A recent intramedullary hemorrhage adjacent to LMNs is indicated. d: Paravertebral muscle caudal to the MMC in a SBA fetus of
25 weeks GA. Hypertrophic muscle cells are indicated. BV = abundant and aberrant blood vessels; ED = ependymal denudation; H&E
staining; augmentation: 10× and 20×.
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the cranial border and/or cranial to the MMC ((8/8); pb0.05;
Table 2). Acquired, traumatic spinal damage at and caudal to
the MMCwas indicated by astrogliosis (7/8; Fig. 3) and by old—
(2/8) or recent—(8/8) spinal hemorrhages (Figs. 2 and 3).

4.3. Vascular histology

Vascularization was normal in fetal controls (n=4) and in SBA
fetuses at cranial distance from the MMC (n=3). However,
spinal segments at the cranial border, segments at the MMC
and segments caudal to the MMC consisted of superfluous,
aberrant blood vessels (Figs. 1 and 2). Aberrant spinal blood
vessels concurred with the appearance of fresh erythrocytes
(i.e. recent hemorrhages) near caspase3-negative LMNs (8/8
fetuses; Figs. 1 and 2). These spinal hemorrhages were
observed at closed spinal segments (at the cranial border of
the MMC and caudal to the MMC) and at open spinal segments
of the MMC (Figs. 1 and 2)). In addition to recent hemorrhages,
macrophages containing iron pigment (Perls stain positive)
were observed (2/8 fetuses; indicative for hemorrhages of at
least a few days old).

4.4. Muscle histology

In six fetuses, muscle biopsies at myotomes cranial and caudal
to the MMC were performed. In all six fetuses (22–40 weeks
GA), muscle fibers in myotomes cranial to the MMC were
normal, whereasmuscle fibers inmyotomes caudal to the MMC
appeared a- and/or hypertrophic (Fig. 2). ATP-ase staining did
not indicate type grouping in fetuses older than 24 weeks GA
(5/5).

5. Discussion

In SBA, we characterized neuromuscular pathology in associa-
tion with early neonatal motor function loss. Despite fetal
neuro-developmental and (old) traumatic lesions, fetal leg
movements caudal to the MMC persisted. Superimposed upon



Figure 3 a: Nestin staining of a longitudinal section through the central canal in a SBA fetus of 40 weeks GA. At the right side of the
central canal, the ependymal lining with underlying neuropil (containing progenitor cells) is completely lost along the length of the
section. b: CD68 staining of a longitudinal section through the central canal in a SBA fetus of 40 weeks GA (same fetus as Fig. 3a).
Macrophage invasion in the denuded area is indicated (arrows). c: CD68 staining of a transverse section through the central canal in a
SBA fetus of 16 weeks GA. In the area with ependymal denudation, there is loss of progenitor cells and influx of macrophages (arrows).
d: GFAP staining of a transverse section through the central canal in a SBA fetus of 16 weeks GA (same fetus as Fig. 3c). At the
denudated area, astrogliosis is observed (encircled area).
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these non-progressive fetal defects, we observed delivery-
related spinal hemorrhages that precede early neonatal move-
ment loss.

At the 24th day of gestation, primary neurulation (i.e.
closure of the neural tube) is a complex process occurring at
multiple fusion sites of the neural tube [20,21]. In human
fetuses, primary neurulation occurs in caudal direction
between the cervical and caudal fusion point [22]. After
completion of primary neurulation, mesenchymal cells divide
and migrate into the tail bud (i.e. secondary neurulation at
the conus area) [23,24]. After primary and secondary
neurulation at different areas [25,26], mesenchymal induc-
tion (formation of blood vessels and muscles) takes place. In
accordance with unidirectional primary neurulation of the
spinal cord, spinal organization and vascularization cranial to
the MMC was essentially normal. These normal histological
findings were contrasted by pathological findings observed in
spinal segments at, and caudal to the MMC. Spinal pathology
caudal to the MMC involved: reduced quantity of LMNs,
aberrant spinal blood vessels and occurrence of ependymal
denudation.

In contrast to our findings, a report of two SB fetuses with
only “minor” histological abnormalities caudal to the MMC has
previously been published (9 and 15 weeks GA; crown-rump
lengths 4 and 11 cm, respectively) [27]. However, in the latter
study, the open MMC was used as a reference and observations
in closed segments cranial to the MMC were lacking.
Furthermore, assessments of vascular condition, LMNquantity,
ependymal integrity and underlying neuropil were absent.

Until now, ependymal denudation was described exclu-
sively at cerebral level [19], but, to the best of our knowledge,
never at spinal level. After induction of the floor plate by the
notochord (at the 4th week GA), ependymal differentiation
occurs in a fixed temporal and spatial pattern [28]. The process
is mediated by the organizer gene Sonic Hedgehog [29], which
is also involved in neural tube closure [30]. These fetal
ependymal cells secrete important molecules that are
involved in neural proliferation andmigration [28]. In addition
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to protein secretion, ependymal cells also function as a barrier
between CSF and the underlying neuropil. When ependymal
cells are lost, functional restoration is impossible and the
underlying neuropil can migrate into CSF [19]. At cerebral
level, ependymal denudation is followed by an invasion of
macrophages into the denuded areas. This macrophage
invasion will subsequently result in gliosis [19]. Accordingly,
we also observed ependymal denudation at spinal level. In the
spinal cord, ependymal denudation was also followed by: loss
of underlying neuropil, invasion of macrophages and subse-
quent gliosis at the denudated area. In this respect, human
ependymal denudation shows striking similarities with that in
mutant Hyh mice [31–33]. In Hyh mice, ependymal denudation
has been ascribed to a primary failure in the formation of cell
junctions [34]. In analogy with these data, it is tempting to
speculate that ependymal denudation in human SBA rather
reflects a primary than secondary pathogenesis. In human fetal
SBA, this would implicate that spinal damage is not only
associated with exposure of the neural plate to toxic amniotic
fluid [35], but also with pathological neuro-developmental
processes in well covered spinal segments caudal to the MMC.

At all gestational ages, the above described spinal
abnormalities corresponded with muscle fiber abnormalities
(a- and/or hypertrophy) in myotomes caudal to the MMC.
Nevertheless, fetal movements caudal to the MMC had still
been present and recorded on videotape. The early neonatal
disappearance of these movements is preceded in time by
fresh (i.e. normal erythrocytes), delivery-related spinal
hemorrhages near LMNs (that were still caspase-3 negative
at birth). In rat models, the time window for neural apoptosis
and caspase-3 activation has been studied. In rat brain,
cleaved caspase-3 becomes increasingly positive between 6
and 24 h after a traumatic or hypoxic–ischemic insult [36]. In
spinal cord, focal hemorrhage is associated with apoptotic
motor neurons in chicken embryos [37] and rat [38]. In
human, elevation of programmed cell death markers has
been indicated in spinal motor fore horn diseases [39].
Accordingly, we have observed caspase-3 positive LMNs in a
SBA neonate (with spinal hemorrhages) that had died two
days after birth [1]. However, in the present SBA study, fetal
LMNs were still caspase-3 negative (8/8). From these studies,
it seems apprehensive that LMNs may become caspase-3
positive only hours after delivery-related spinal hemorrhage.

Delivery-related spinal hemorrhages were present at, and
caudal to the MMC and were independent of presence or
absence of asphyxia and prostaglandin induction (prostaglan-
dins could even attenuate hemorrhages [40]). Despite trau-
matic influences during delivery in both control and SBA
fetuses, spinal hemorrhages were absent in control fetuses
(4/4) and were present in SBA fetuses (8/8). However, it is
important to stress that included SBA fetuses did not
represent an ad random, (relatively) favorable SBA study
cohort which undergoes caesarean section (by a large, low
transverse uterine incision [41]). In fact, all SBA fetuses were
delivered vaginally to prevent maternal morbidity. In this
perspective, we cannot exclude that traumatic influences
(such as for instance cephalocentesis and protrusion of the
amniotic sac [42–45]) had a negative impact on the MMC and
its contents. However, spinal hemorrhages are not entirely
explainable by a specific traumatic type of delivery. Firstly,
hemorrhages occurred after both induction and spontaneous
vaginal delivery (unpublished observation in a succumbed SBA
neonate). Secondly, spinal hemorrhages were not only
confined to the open location at the MMC itself, but were
also observed in well covered segments caudal to the MMC. In
accordance with our findings at the MMC, Meuli et al. also
reported fresh hemorrhages at the MMC (i.e. aborted fetuses,
19–23 weeks GA; in absence of cephalocentesis) [46].
However, in the present study, we also observed considerably
large bleedings caudal to the MMC (i.e. at unexposed, skin-
covered segments (8/8)), suggesting that spinal hemorrhage is
not only caused by direct exposure to amniotic fluid. If
delivery trauma would be the solitary cause for spinal
hemorrhages, an equal distribution between hemorrhages
cranial and caudal to the MMC would be expected. However,
spinal hemorrhages cranial to the MMC were absent (only at
the cranial border of the MMC) and invariably present caudal
to the MMC. These spinal hemorrhages were located near
aberrant blood vessels. All together, spinal hemorrhages
appear associated with the location of aberrant blood vessels,
whereas traumatic delivery may be one of the factors that
provokes them.

In histological SBA literature, the area with redundant
spinal blood vessels at the MMC is called the area medullo-
vasculosa [47]. In addition to presence of abnormal blood
vessels, functional blood supply (blood flow and sheer wall
stress) is also reported as inferior in SBA patients (compared
with spinal cord injury patients) [48]. During delivery, venous
stasis (reduced venous return); direct mechanical compres-
sion (at the area medullovasculosa) and reduced arterial
blood supply (by uterine labor contractions) can all provoke
acute spinal hemorrhages. In accordance with these histolo-
gical data, Luthy et al. reported that caesarean section
before the onset of labor contractions provides a better
motor outcome than caesarean section or vaginal delivery
after the onset of labor contractions [49]. Hopefully, future
research (for example by application of caspase-8 and -9, or
FAS and FAS–ligand staining) may allow further quantification
of neural damage after these acute spinal hemorrhages.

In conclusion, our data in human fetal SBA indicate that
fetal movements caudal to the meningomyelocele concur
with pre-existing spinal defects. During delivery, acute spinal
hemorrhages are superimposed upon these defects. If inno-
vative fetal therapies [13] could target superimposed
delivery-related spinal hemorrhages, motor outcome would
be expected to improve.

Acknowledgements

The authors thank E.A.A. Verhagen, MD for critical reading of
the manuscript; Jane den Dunnen-Briggs for correction of
English grammar, and A.Timmer, MD PhD for diagnostic help
during data collection.

References

[1] Sival DA, vanWeerden TW, Vles JH, Timmer A, den DunnenWFA,
Staal-Schreinemachers AL, et al. Neonatal loss of motor
function in human spina bifida aperta. Pediatrics 2004;114(2):
427–34.

[2] Sival DA, Begeer JH, Staal-Schreinemachers AL, Vos-Niel JME,
Beekhuis JR, Prechtl HFR. Perinatal motor behaviour and
neurological outcome in spina bifida aperta. Early Hum Dev
1997;50(1):27–38.



430 D.A. Sival et al.
[3] Sival DA, Brouwer OF, Bruggink JL, Vles JS, Staal-Schreinema-
chers AL, Sollie KM, et al. Movement analysis in neonates with
spina bifida aperta. Early Hum Dev 2006;82(4):227–34.

[4] Meuli M, Meuli-Simmen C, Hutchins GM, Yingling CD, McBiles-
HoffmanK,HarrisonMR,etal. In utero surgery rescuesneurological
function at birth in sheep with spina bifida. Nat Med 1995;1:342–7.

[5] Hirose S, Meuli-Simmen C, Meuli M. Fetal surgery for myelome-
ningocele: panacea or peril? World J Surg 2003;27(1):87–94.

[6] Bruner JP, Tulipan N, Reed G, Davis GH, Bennett K, Luker KS,
et al. Intrauterine repair of spina bifida: preoperative
predictors of shunt-dependent hydrocephalus. Am J Obstet
Gynecol 2004;190(5):1305–12.

[7] Tulipan N, Sutton LN, Bruner JP, Cohen BM, Johnson M, Adzick
NS. The effect of intrauterine myelomeningocele repair on the
incidence of shunt-dependent hydrocephalus. Pediatr Neuro-
surg 2003;38(1):27–33.

[8] McLone DG, Dias MS, Goossens W, Knepper PA. Pathological
changes in exposed neural tissue of fetal delayed splotch (Spd)
mice. Child's Nerv Syst 1997;13(1):1–7.

[9] Hirose S, Farmer DL, Albanese CT. Fetal surgery for myelome-
ningocele. Curr Opin Obstet Gynecol 2001;13(2):215–22.

[10] Tulipan N, Bruner JP, Hernanz-Schulman M, Lowe LH, Walsh WF,
Nickolaus D, et al. Effect of intrauterine myelomeningocele
repair on central nervous system structure and function.
Pediatr Neurosurg 1999;31(4):183–8.

[11] Sutton LN. Fetal surgery for neural tube defects. Best Pract Res
Clin Obstet Gynaecol in press [Aug 20; Electronic publication
ahead of print, ______________________________doi:10.1016/j.bpobgyn.2007.07.004].

[12] Sival DA, Brouwer OF, Bruggink JL, Vles JS, Staal-Schreinema-
chers AL, Sollie KM, et al. Movement analysis in neonates with
spina bifida aperta. Early Hum Dev 2006;82(4):227–34.

[13] Walsh DS, Adzick NS. Foetal surgery for spina bifida. Semin
Neonatol 2003;8(3):197–205.

[14] Prechtl HF. Qualitative changes of spontaneous movements in
fetus and preterm infant are a marker of neurological
dysfunction [editorial]. Early Hum Dev 1990;23(3):151–8.

[15] Einspieler C, Prechtl HF, Ferrari F, Cioni G, Bos AF. The qualitative
assessment of general movements in preterm, term and young
infants—review of the methodology. Early Hum Dev 1997;50(1):
47–60.

[16] Robertson GS, Crocker SJ, Nicholson DW, Schulz JB. Neuropro-
tection by the inhibition of apoptosis. Brain Pathol 2000;10(2):
283–92.

[17] Srinivasan A, Roth KA, Sayers RO, Shindler KS, Wong AM, Fritz
LC, et al. In situ immunodetection of activated caspase-3 in
apoptotic neurons in the developing nervous system. Cell Death
Differ 1998;5(12):1004–16.

[18] Dubowitz V, Sewry CA. Muscle biopsy—a practical approach. 3rd
ed. Saunders-Elsevier; 2006. chapter 3.

[19] Dominguez-Pinos MD, Paez P, Jimenez AJ, Weil B, Arraez MA,
Perez-Figares JM, et al. Ependymal denudation and alterations
of the subventricular zone occur in human fetuses with a
moderate communicating hydrocephalus. J Neuropathol Exp
Neurol 2005;64(7):595–604.

[20] O'Rahilly R, Muller F. Bidirectional closure of the rostral
neuropore in the human embryoventricular peritoneal shunt
requirement in patients with myelomeningocele. Am J Anat
1989;184(4):259–68.

[21] Golden JA, Chernoff GF. Multiple sites of anterior neural tube
closure in humans: evidence from anterior neural tube defects
(anencephaly). Pediatrics 1995;95(4):506–10.

[22] Nakatsu T, Uwabe C, Shiota K. Neural tube closure in humans
initiates at multiple sites: evidence from human embryos and
implications for the pathogenesis of neural tube defects. Anat
Embryol (Berl) 2000;201(6):455–66.

[23] Copp AJ, Brook FA. Does lumbosacral spina bifida arise by
failure of neural folding or by defective canalisation? J Med
Genet 1989;26(3):160–6.
[24] Muller F, O'Rahilly R. The development of the human brain, the
closure of the caudal neuropore, and the beginning of secondary
neurulation at stage 12. Anat Embryol (Berl) 1987;176(4):413–30.

[25] Kessel M, Gruss P. Murine developmental control genes. Science
1990;249(4967):374–9.

[26] Dressler GR, Gruss P. Do multigene families regulate vertebrate
development? Trends Genet 1988;4(8):214–9.

[27] Saraga-Babic M, Krolo M, Sapunar D, Terzic J, Biocic M.
Differences in origin and fate between the cranial and caudal
spinal cord during normal and disturbed human development.
Acta Neuropathol (Berl) 1996;91(2):194–9.

[28] Sarnat HB. Role of human fetal ependyma. Pediatr Neurol
1992;8(3):163–78.

[29] Sarnat HB. Histochemistry and immunocytochemistry of the
developing ependyma and choroid plexus. Microsc Res Tech
1998;41(1):14–28.

[30] Ybot-Gonzalez P, Cogram P, Gerrelli D, Copp AJ. Sonic hedgehog
and the molecular regulation of mouse neural tube closure.
Development 2002;129(10):2507–17.

[31] Wagner C, Batiz LF, Rodriguez S, Jimenez AJ, Paez P, Tome M,
et al. Cellular mechanisms involved in the stenosis and oblitera-
tion of the cerebral aqueduct of Hyh mutant mice developing
congenital hydrocephalus. JNeuropathol ExpNeurol 2003;62(10):
1019–40.

[32] Perez-Figares JM, Jimenez AJ, Perez-Martin M, Fernandez-
Llebrez P, Cifuentes M, Riera P, et al. Spontaneous congenital
hydrocephalus in the mutant mouse Hyh. Changes in the
ventricular system and the subcommissural organ. J Neuropathol
Exp Neurol 1998;57(2):188–202.

[33] Jimenez AJ, Tome M, Paez P, Wagner C, Rodriguez S, Fernandez-
Llebrez P, et al. A programmed ependymal denudation precedes
congenital hydrocephalus in the Hyhmutantmouse. J Neuropathol
Exp Neurol 2001;60(11):1105–19.

[34] Jimenez-Jimenez FJ, Molina JA, Vargas C, Gomez P, Navarro JA,
ito-Leon J, et al. Neurotransmitter amino acids in cerebrospinal
fluid of patients with Parkinson's disease. J Neurol Sci 1996;
141(1–2):39–44.

[35] Millicovsky G, Lazar ML. Spina bifida: role of neural tissue
damage during pregnancy in producing spinal paralysis. Obstet
Gynecol 1995;86(2):300–1.

[36] Lok J, Martin LJ. Rapid subcellular redistribution of Bax pre-
cedes caspase-3 and endonuclease activation during excitotoxic
neuronal apoptosis in rat brain. J Neurotrauma 2002;19(7):
815–28.

[37] Whalley K, O'Neill P, Ferretti P. Changes in response to spinal
cord injury with development: vascularization, hemorrhage
and apoptosis. Neuroscience 2006;137(3):821–32.

[38] Barut S, Unlu YA, Karaoglan A, Tuncdemir M, Dagistanli FK,
Ozturk M, et al. The neuroprotective effects of z-DEVDfmk, a
caspase-3 inhibitor, on traumatic spinal cord injury in rats. Surg
Neurol 2005;64(3):213–20.

[39] Martin LJ. Neuronal death in amyotrophic lateral sclerosis is
apoptosis: possible contribution of a programmed cell death
mechanism. J Neuropathol Exp Neurol 1999;58(5):459–71.

[40] Hofmeyr GJ, Nikodem VC, de JM, Gelbart BR. A randomised
placebo controlled trial of oral misoprostol in the third stage of
labour. Br J Obstet Gynaecol 1998;105(9):971–5.

[41] Chervenak FA, Duncan C, Ment LR, Tortora M, McClure M, Hobbins
JC. Perinatalmanagement ofmeningomyelocele. Obstet Gynecol
1984;63(3):376–80.

[42] Liu SL, Shurtleff DB, Ellenbogen RG, Loeser JD, Kropp R. 19-year
follow-up of fetal myelomeningocele brought to term. Eur J
Pediatr Surg 1999;9(Suppl 1):12–4.

[43] Shurtleff DB, Luthy DA, Nyberg DA, Mack LA. The outcome of
fetal myelomeningocele brought to term. Eur J Pediatr Surg
1994;4(Suppl 1):25–8.

[44] Stark G, Drummond M. Spina bifida as an obstetric problem.
Dev Med Child Neurol Suppl 1970;22 [Suppl].

http://dx.doi.org/10.1016/j.bpobgyn.2007.07.004


431Spinal hemorrhages are associated with early neonatal motor function loss in human SBA
[45] Ralis ZA. Traumatizing effect of breech delivery on infants with
spina bifida. J Pediatr 1975;87(4):613–6.

[46] Meuli M, Meuli-Simmen C, Hutchins GM, Seller MJ, Harrison MR,
Adzick NS. The spinal cord lesion in human fetuses with
myelomeningocele: implications for fetal surgery. J Pediatr Surg
1997;32(3):448–52.

[47] Harding B, Copp AJ. Malformations. In: Graham DI, Lantos PL,
editors. Greenfield's Neuropathology. New York: Arnold; 1997.
p. 397–507.
[48] Boot CR, van LH, Hopman MT. Arterial vascular properties in
individuals with spina bifida. Spinal Cord 2003;41(4):242–6.

[49] Luthy DA, Wardinsky T, Shurtleff DB, Hollenbach KA, Hickok DE,
Nyberg DA, et al. Cesarean section before the onset of labor and
subsequent motor function in infants with meningomyelocele
diagnosed antenatally [see comments]. NEngl JMed1991;324(10):
662–6.


	Spinal hemorrhages are associated with early neonatal motor function loss in human spina bifida.....
	Introduction
	Patients
	Methods
	Histological data
	Statistical analysis

	Results
	Fetal motor behavior
	Spinal histology
	Vascular histology
	Muscle histology

	Discussion
	Acknowledgements
	References


