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PINA BIFIDA IS A DEVELOPMENTAL MALFORMATION OF THE SPINAL CORD

that leads to complications in several organ systems and considerable dis-

ability, even decades after repair of the anomaly. Before the 20th century, less
than 20% of children with spina bifida survived to adulthood, a survival rate that
has been improved with the use of safe anesthesia and aseptic surgical techniques
and the development, in the 1950s, of ventricular shunts for elevated intracranial
pressure. Recent public health measures supporting folate supplementation in
women of child-bearing potential have greatly decreased the incidence of the dis-
order. Surgical approaches directed at ameliorating neurologic complications, together
with multispecialty care, have further improved survival and quality of life for
children with spina bifida. As a result, most persons now living with spina bifida
are adults,' and the challenge for health care providers is to make sure that adult
programs can deliver the same care from which patients benefit in childhood.

PATHOPHYSIOLOGY

Failure of the neural tube to fuse during the third week of gestation leads to an
open neural-tube defect at the cranial level (anencephaly), the spinal level (myelo-
meningocele or, simply, spina bifida), or both (craniorachischisis).? Anencephaly
and craniorachischisis are lethal during gestation or soon after birth. A myelome-
ningocele is an open defect consisting of a malformed spinal cord that has no
dura, bone, muscle, or skin coverage, with associated susceptibility to infection
and cerebrospinal fluid (CSF) leakage. Incomplete formation of the lower spinal
cord causes leg, bladder, and bowel dysfunction. Although experimental evidence
confirming any of the many proposed pathophysiological causes is lacking,? the
assumption has been that the open spinal defect and associated CSF leakage in
utero can cause lack of distention of the primitive cerebral ventricular system,
leading to anatomical intracranial abnormalities,* including herniation of the cer-
ebellar vermis and medulla into the spinal canal (Chiari II malformation). The
Chiari II malformation, in turn, obstructs the flow of CSF around the lower brain
stem, causing ventricular dilatation with increased intracranial pressure (hydro-
cephalus) and cystic dilatation of the spinal cord (syringomyelia), with brain-stem
and upper spinal cord dysfunction.* Months or years later, scarring (arachnoiditis)
of the myelomeningocele repair site may result in traction on the spinal cord, lead-
ing to a tethered cord in at least a third of patients, with symptoms that include
back and leg pain and worsening leg, bladder, and bowel function. Repeated sur-
gery is often required to release the spinal cord from surrounding scar tissue.
Postoperative tethering is distinguished from “congenital” tethered cord syndrome
in patients born with spinal abnormalities, in which skin covers the defect; these
abnormalities include tight filum terminale, dermal sinus tract, and split cord
malformation.
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GENESIS AND PREVENTION

Neural-tube defects are considered to arise from
a complex relationship between genomic and
environmental factors, including maternal dia-
betes, hyperthermia, anticonvulsant agents,
obesity, and toxins.! No single gene has been
identified that causes isolated neural-tube de-
fects. Multiple genomic sequence variations
contribute to these defects, but it has not been
possible to estimate susceptibility on the basis
of individual variants, and rodent models fail to
replicate the diverse features of the human dis-
order.!

Evidence indicates that neural-tube defects
result in most cases from acquired and heritable
disorders of the folate pathway that are largely
preventable with dietary folate supplementa-
tion.! Periconceptional administration of folic
acid (a synthetic — and the most commonly
used — form of folate) in the mother has re-
duced both the first occurrence of fetal open
neural-tube defects (i.e., in women who had
never had an affected pregnancy) and the subse-
quent occurrence of fetal open neural-tube de-
fects (i.e., in women who had previously had an
affected pregnancy) by at least 70%.>° The U.S.
Public Health Service recommends that women
of reproductive age consume folate daily’® and
mandates that certain foods be fortified with
folic acid.**® Coordinated public health efforts
have led to a sharp decline in the prevalence of
spina bifida in North America and in most up-
per-middle-income and high-income countries,
which is now approximately 34 to 37 cases per
100,000 live births. Despite the low cost and
widespread accessibility of folate, food fortifica-
tion efforts are stalled in many countries, in part
because of a lack of governmental action. In
these regions, the prevalence of the disorder is
approximately 54 to 87 cases per 100,000 live
births, with a prevalence as high as 300 per
100,000 in the mostly low-income regions where
spina bifida is endemic.”!!

Although efforts are under way to address
disparities in food fortification,® complete pre-
vention has not been attained, even in areas with
established folate fortification programs,? and
neural-tube defects remain one of the three
most common severe birth defects, along with
congenital heart disease and Down syndrome

(also called Down’s syndrome). Thirty percent of
cases occur despite supplementation, and mouse
models of neural-tube defects that do not re-
spond to folate treatment (i.e., “folate-resistant”
neural-tube defects) have been identified.! Folate
dose-response studies in human populations
have not been performed, and the required ma-
ternal dose and target blood levels of folic acid
for prevention are unknown. Although it is un-
likely that any specific dose of folic acid is opti-
mal for all pregnancies, only one case—control
study®® and another study using complex statisti-
cal modeling have attempted to correlate the
risk of neural-tube defects with maternal red-
cell folate levels. Progress in the prevention of
neural-tube defects depends on addressing ac-
cess to folic acid and disparities in such access
and answering remaining questions about the
type and dose of folate supplements, the conse-
quences of oversupplementation, paternal as well
as maternal risk factors associated with neural-
tube defects, and the correlation between envi-
ronmental exposures and genetic or epigenetic
predispositions.

EARLY CLINICAL PRESENTATION

The neurologic presentation of the newborn
with spina bifida depends on the spinal level of
the defect. An infant with a low sacral myelome-
ningocele may have normal findings on neuro-
logic examination, whereas infants with higher
lesions (e.g., in the lumbar or thoracic spine)
may present with neurogenic bladder and vari-
ous degrees of lower-extremity sensorimotor
deficits, from foot weakness in low lumbar my-
elomeningocele to paraplegia in thoracic myelo-
meningocele. In such cases, shortly after birth,
computed tomography or magnetic resonance
imaging of the head is performed to rule out
hydrocephalus, which may be manifested as a
bulging fontanelle, macrocephaly, and neuro-
logic symptoms. The patient’s cardiac status and
general medical status are evaluated to rule out
other congenital anomalies that would need to
be incorporated into a comprehensive care plan
for neonates and infants. Ultrasonography and
bladder catheterization are used to assess uro-
logic function. The patient is examined for evi-
dence of foot, leg, or hip deformities that might
require early orthopedic interventions.
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Table 1. Evidence for the Treatment of Spina Bifida.*

Class | evidence

Prenatal surgery for myelomeningocele in patients who meet MOMS criteria
reduces the risk of shunt-dependent hydrocephalus.

Class Il evidence

Ambulation improves in the short term after prenatal repair but may deteriorate
over time after prenatal or postnatal repair, as a result of tethered cord
syndrome.

The rate of tethered cord syndrome and inclusion cysts among infants who
have undergone prenatal myelomeningocele closure is the same as or
higher than the rate among infants who have undergone postnatal closure;
both groups require long-term surveillance.

Class Il evidence

There is insufficient evidence that myelomeningocele repair within 48 hours
after birth decreases the risk of wound infection or ventriculitis.

Antibiotics should be given if surgery is going to be delayed for more than 48
hours after birth.

There is insufficient evidence to conclude that ventricular size and morpho-
logic features affect neurocognitive development.

* Data are from the Congress of Neurological Surgeons guidelines.’* MOMS
denotes Management of Myelomeningocele Study; criteria for enrollment
included maternal age of 18 years or older, maternal body-mass index (the
weight in kilograms divided by the square of the height in meters) less than
35, gestational age between 19 and 26 weeks, a normal karyotype, and U.S.
residency. Major exclusion criteria were fetal anomaly other than myelomenin-
gocele, risk of preterm birth, placental abruption, and contraindications to
surgery (e.g., previous hysterotomy).

MANAGEMENT

The surgical care of a patient with spina bifida
starts with repair of the myelomeningocele to
prevent CSF leakage, meningitis, and scarring of
the open defect, with treatment of hydrocepha-
lus to minimize the risks of intellectual disabil-
ity and death (Table 1). The neural placode is a
flat segment of spinal cord that fails to form a
tube during primary neurulation. Together with
an attached thin epithelial membrane, the plac-
ode forms the exposed wall of a fluid-filled
myelomeningocele sac. This exposed wall re-
quires a layered repair, including closure of the
dura, muscle or fascia, and skin over the ex-
posed placode (Fig. 1).

PRENATAL MYELOMENINGOCELE REPAIR

Spina bifida can be diagnosed by means of ul-
trasonography during the second trimester of
pregnancy. On the basis of promising findings
in animal models and retrospective clinical stud-
ies, a prospective, randomized trial, the Manage-
ment of Myelomeningocele Study (MOMS), was
conducted, with criteria for enrollment that in-
cluded maternal age of 18 years or older, mater-
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nal body-mass index (the weight in kilograms
divided by the square of the height in meters)
less than 35, gestational age between 19 and 26
weeks, and a normal karyotype.’® The study
showed better outcomes with prenatal than with
postnatal repair of a myelomeningocele. Infants
who had undergone prenatal repair had im-
proved motor function of the legs and feet at 30
months, with a lower incidence of hydrocepha-
lus (40%, vs. 82% with postnatal repair) and
Chiari II malformation (64% vs. 96%) at 1 year.
The risks associated with prenatal repair in-
cluded premature rupture of membranes and
uterine rupture in subsequent pregnancies,” as
well as fetal complications of premature birth,
intraspinal inclusion cysts, and tethered cord
syndrome.’® Subsequent analyses of a subgroup
of the participants in the MOMS (MOMS2), con-
ducted when the children were between 5 and 10
years of age, showed better mobility, neuropsy-
chological test scores, and independent func-
tioning in the prenatal repair group than in the
postnatal repair group.’

Many questions about this procedure remain
unanswered. Will the benefits of prenatal repair
be durable? As more centers offer the procedure,
will the MOMS results be replicated despite dif-
ferences among centers in case volumes, surgi-
cal experience, and surgical techniques? Would
improvements in fetal surgery techniques, such
as the increasingly popular fetoscopic approach-
es,” replicate the MOMS results while reducing
maternal and fetal complications? How will the
costly and technologically demanding procedure
affect access to and disparities in care?

MEDICAL PROBLEMS ASSOCIATED WITH SPINA
BIFIDA

Functional neurologic decline in a patient with
spina bifida is infrequently the result of the
natural history of the disorder and prompts an
evaluation for a surgically correctable abnormal-
ity or complication (e.g., hydrocephalus, Chiari
II malformation, syringomyelia, or a tethered
spinal cord) or a medical complication such as
urinary tract infection or constipation, which
may temporarily exacerbate the underlying neu-
rologic deficit or shunt function. The challenge
that neurosurgeons face when caring for a
symptomatic patient with spina bifida is the
overlap in symptoms between these surgical and
medical problems.
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Figure 1. Diagrams of Normal and Failed Neurulation and an Infant with Spina Bifida.

Primary neurulation (left) is the process by which the neural plate folds into a tube to form the brain and the spinal cord. Failure of the
caudal neural plate to neurulate results in a myelomeningocele (spina bifida). The diagram of the infant with spina bifida (right) shows
an unrepaired myelomeningocele, a Chiari Il malformation, and cervical syringomyelia. The white arrows show that the cerebral ventri-
cles are enlarged from increased intracranial pressure, resulting in hydrocephalus. Hydrocephalus in infants causes increased head cir-

cumference and a bulging fontanelle (not shown).

Hydrocephalus is a major cause of neurologic
disability and death in children and adults with
spina bifida. Conventional treatment for hydro-
cephalus is ventriculoperitoneal shunting, which
has a 30 to 40% failure rate at 1 year,?* with
a substantial risk of complications and death.
Endoscopic third ventriculostomy has emerged
as an alternative to shunting for some patients.
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Combined with endoscopic choroid plexus co-
agulation, in which the choroid plexus is electro-
surgically ablated, endoscopic third ventriculos-
tomy led to shunt independence in more than
70% of patients in a prospective study involving
115 Ugandan infants with spina bifida.** A mul-
ticenter study to investigate efficacy beyond East
Africa is under way (ClinicalTrials.gov number,

AUGUST 4, 2022

447



448

The NEW ENGLAND JOURNAL of MEDICINE

NCT04177914). The combined procedure has
become an option for infants with spina bifida,
but it does not appear to be beneficial when
performed in older children or adults. Neverthe-
less, most patients who are living with spina
bifida have shunts, and malfunction of the shunt
is suspected when there are new neurologic
symptoms, regardless of the size of the ventri-
cles on imaging. Lower-cranial-nerve and respi-
ratory symptoms attributed to Chiari II malfor-
mation, at one time considered to be the most
common cause of death in children with spina
bifida, may be an indirect manifestation of ele-
vated intracranial pressure from undetected ven-
triculoperitoneal shunt malfunction, even in the
absence of ventricular dilatation on imaging.>>2¢
Although previously favored, posterior fossa de-
compression surgery for Chiari II malformation
has been largely supplanted by shunt revision.”

Studies of the perspectives of persons with
spina bifida and their families, performed in
collaboration with patient advocacy groups, have
helped to promote consideration of the health
experience of patients with spina bifida and have
prompted the publication of consensus-based
guidelines by the Spina Bifida Association and
its physician partners (see Table S1 in the Sup-
plementary Appendix, available with the full text
of this article at NEJM.org).”® The Centers for
Disease Control and Prevention has established
a registry for system-specific management of
spina bifida, which has generated specialty-spe-
cific quality-improvement protocols and publica-
tions (https://www.cdc.gov/ncbddd/spinabifida/
nsbprregistry.html).

There is consensus about the role of urolo-
gists in the early management of spina bifida;
the aim is to prevent neurogenic bladder from
causing kidney and ureter damage, including
retention, incontinence, and urinary tract infec-
tions.?® The introduction of clean, intermittent
catheterization in the 1970s led to expectations
of full social continence and retained kidney
function in patients with spina bifida, with re-
cent reports suggesting that pharmacotherapy
can help to relax bladder detrusor smooth
muscle and increase capacity.’®*! There remains
a role for operative reconstruction of the dys-
functional bladder and assistance with achieving
urinary continence. Despite advances in the
management of spina bifida, half the parents

of children with the condition rate bowel incon-
tinence as their child’s biggest issue,”® and dis-
satisfaction with sexual function is common
later in life.

Orthopedic and physical medicine care are
essential for foot deformities or contractures
that affect standing, transferring from or to a
wheelchair, or walking, as well as for scoliosis
and hip and limb contractures, which require
extensive physical therapy and surgery to im-
prove sitting and positioning. Skin breakdown
from pressure over insensate regions or from
incontinence, a high prevalence of latex allergy,
nutritional challenges and obesity, sleep-disor-
dered breathing, and cognitive problems also
affect the quality of life of patients and the pros-
pects of independence.

TRANSITION FROM PEDIATRIC TO ADULT CARE

Because of the preventive, medical, and surgical
successes of past decades, most of the estimated
166,000 persons in the United States who are
living with spina bifida are adults.! The Spina
Bifida Association has suggested that the exper-
tise and organized multidisciplinary teams
available for children with spina bifida are gen-
erally lacking or inconsistent for adults,”® lead-
ing to a greater use of emergency services for
adult care.?* Coordinated, patient-centered pro-
grams are emerging that engage the individual,
family, persons in the school and workplace,
and health care providers and allied health ser-
vices in a staged approach years before the
transfer of care to adult medical services is
needed.?*3* This approach is prioritized by advo-
cacy organizations, patients, and families.

FUTURE DIRECTIONS

Emerging technologies, such as enhanced neu-
roendoscopy, intraoperative surgical image guid-
ance, augmented reality—assisted surgery, and
new shunt designs, may improve neurologic
outcomes but have not yet been systematically
evaluated.® Future improvements in fetal sur-
gery may include robotic applications for precise
and efficient repairs,* tissue engineering to fa-
cilitate watertight dural closure,” and stem-cell
technology to attempt earlier spina bifida re-
pairs,® each based on preliminary experiments
in animals. Bladder neurostimulation may play a
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role in improving continence,* and investigation
of remotely controlled magnetic rods instead of
spinal fusion to treat scoliosis in growing chil-
dren has provided preliminary evidence for use
in children with spina bifida.*® Global accessibil-
ity to care is still lacking," and the neurosurgi-
cal community in high-income countries is
partnering with neurosurgical centers elsewhere
to provide in-person training, telecollaboration,
and augmented reality tools for the use of mod-
ern endoscopic and surgical techniques.*

Rigorous study of folate supplementation and
food fortification protocols to determine favor-
able folate compounds, doses, and frequency
and timing of administration; serial testing to
achieve target levels of folate; and preventive
measures tailored to the needs of each country
or region on the basis of epidemiologic data
could all help to prevent spina bifida.

CONCLUSIONS

Prevention and management of spina bifida have
benefited from public health policy, modern
surgical and imaging technology, and multidis-
ciplinary approaches in partnership with the
patient, family, and advocacy groups. Surgical
correction of the defect is coupled with compre-
hensive care to achieve good clinical results and
quality of life for affected patients as they prog-
ress from childhood to adulthood.

Disclosure forms provided by the authors are available with
the full text of this article at NEJM.org.
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Table S1: Issues that affect the quality of life of individuals with spina bifida

Issues

Goals

Challenges

Hydrocephalus

o Enlarged cerebral ventricles with
increased ICP

o Treatment delays may lead to neuro-
cognitive compromise and death

o Preserve neuro-cognitive

function

Decrease reliance on shunts
Decrease morbidity and
death from shunt
malfunction and shunt

surgery

Prenatal myelomeningocele repair
leads to a decrease in incidence of
hydrocephalus, but not its
elimination

Shunts continue to have high
malfunction rates despite
improvement in technology

Shunt malfunction may not be
evident on imaging, thus causing
diagnostic difficulties and potential
morbidity and death

No commercial shunt valve has
shown superiority in shunt
malfunction rates

ETV/CPC is not as effective in older
children and adults as in infants
The efficacy of ETV/CPC in African
infants awaits replication in multi-
center North American clinical trials

Chiari Il Malformation

o Herniation of hindbrain structures
(vermis and medulla) into the cervical
spine

o Associated with lower brainstem
dysfunction

Recognize and address
symptoms of lower
brainstem dysfunction (e.g.,
stridor, vocal cord paralysis,
dysphagia, apnea)

Surgical decompression of
Chiari Il is rarely needed
Chiari Il symptoms most
often related to shunt
malfunction

Prenatal myelomeningocele repair
leads to a decrease in incidence of
Chiari Il, but not its elimination

Tethered cord syndrome

o Caused by postoperative scar tissue
that tether the repaired spinal placode
to the surrounding dura

o To be distinguished from the
congenital TCS in spina bifida occulta
patients who are born with congenital
anomalies that tether the spinal cord,
such as a thickened filum terminale,
split cord malformation, dermal sinus
tract, and lipomyelomeningocele

o Clinical presentation includes back
and leg pain, worsening lower
extremity sensorimotor function,
deterioration in bowel and bladder
function, and progressive scoliosis

Address progressive

symptomatology with
surgical tethered cord
release

TCS is a clinical diagnosis. Imaging
is not as useful at recognizing TCS,
because most repaired
myelomeningoceles appear
tethered on MR, even if
asymptomatic and don’t warrant
surgery

Surgical correction of a tethered
spinal cord faces the technical
challenge of separating spinal
tissues from surrounding adhesions
without functional compromise
Effectiveness of intraoperative
neuromonitoring has not been
verified in large studies

Tethered cord release often leads
to recurrent adhesions requiring
repeat surgery




Issues

Goals

Challenges

Syringomyelia

o Cystic cavitation of the spinal cord

o Can be caused by hydrocephalus
(shunt malfunction), Chiari Il, or spinal
cord tethering

o Can extend into the brainstem
(syringobulbia)

o Presents with sensorimotor
dysfunction in trunk and extremities

Treat the offending etiology
(shunt malfunction, tethered
cord syndrome)

Avoid direct syrinx drainage
if possible (associated with
complications and not
effective long-term)

o Determining the etiology of a syrinx

in spina bifida patients is often
challenging

Musculoskeletal function™
Kyphoscoliosis

o Limb deformities

o Hip subluxation/dislocation
o Decreased mobility

(@]

Achieve a stable and
balanced spine

Optimize pulmonary function
Identify, stabilize, or correct
lower limb deformities early
Preserve or improve gait
efficiency

Optimal timing of orthopedic
surgery is still controversial
Optimal timing and frequency of
screening radiography are still
controversial

Urogenital function®

o Incontinence

o Urinary tract infections

o Upper urinary tract damage from
poorly managed bladder function

o Sexual dysfunction and
dissatisfaction

Maintain normal renal
function

Prevent UTlIs

Develop strategies for
urinary continence

Achieve independence with
personal care

Definition and treatment of
incontinence at different centers are
widely variable

Definition and treatment of UTl is
widely variable, particularly in the
setting of intermittent
catheterization

Timing of bladder reconstructive or
diversion surgery is still
controversial

Bowel function®

o Bowel incontinence (most important
issue in children according to 50% of
parents)

o Constipation

Promote healthy bowel
habits

Decrease bowel
incontinence

Specific goals: monitor stool
frequency, consistency and
amount; dietary
management; oral and rectal
pharmacologic adjuncts;
barrier creams; education
and behavioral interventions

Research into efficacy of bowel
regimens is hindered by variability
in clinical practice and non-
standardized definitions of bowel
success

= %
Skin
Pressure ulcers in insensate regions

Teach parents and
caregivers to inspect skin
Use barrier creams

Check bath water
temperature

Ensure well-fitting orthoses

Management strategies to care for
insensate skin need development
Strategies to reduce incidence of
skin breakdown need development

3




Issues

Goals

Challenges

Latex allergy™
o >50% of persons with spina bifida

Increase awareness of latex
allergy

Avoid direct contact to
natural rubber latex and
latex-containing products in
all people with spina bifida
Some spina bifida
individuals develop an
allergy to proteins in some
fruits, known as the “latex
fruit syndrome”

o Recognizing individuals most at risk
remains challenging

o Awareness about latex allergy is
still limited

o Consensus on diagnosis and timing
of latex allergy is needed

= %
Skin
o Pressure ulcers in insensate regions

Teach parents and
caregivers to inspect skin
Use barrier creams to
protect skin from damage
related to bowel and bladder
incontinence

Check bath water
temperature

Ensure well-fitting orthoses

o Management strategies to care for
insensate skin need development

o Strategies to reduce incidence of
skin breakdown need development

Nutrition and obesity*

o Increased prevalence because of
decreased mobility, brainstem
dysfunction with dysphagia, bowel
dysfunction, and psychosocial issues
such as repetitive hospitalization and
home stress

Promote wellness and
healthy nutrition
Promote mobility and an
active lifestyle

Manage constipation

o Adults and families from lower
socioeconomic households may
have food insecurity

o Improving mobility in spina bifida
individuals can be challenging

o Evidence-based guidelines for
weight-management, obesity
prevention, and obesity treatment
specific to children and adults with
Spina Bifida are needed

o Growth curves and weight
classification cut-offs specifically for
children and adults with Spina
Bifida need to be developed

Sleep-related breathing disorders

(SRBD) *

o Affects the majority of individuals with
spina bifida

o Central and peripheral apnea

o May cause unexplained death

Discuss SRBD with parents
and care providers so they
can better observe for early
symptoms or changes
Improve patient awareness
of SRBD, its presentation
and its adverse impact on
quality of life

Encourage the use of
overnight polysomnography
in all individuals with spina
bifida

o Clinical evaluation of SRBD and
overnight pulse oximetry have low
sensitivity

o Clinical evaluation cannot
distinguish between asymptomatic
individuals from those who have
sub-clinical SRBD

o Screening cardiorespiratory
protocols are needed based on age
and lesion level




Issues

Goals

Challenges

Cognition and mental health*

o Score below average on
neuropsychological functioning,
depression and anxiety measures

Screen for depression or
anxiety

Encourage activities and
hobbies that improve face-
to-face social contact

Refer for social skills training
as needed

Assess for at-risk behaviors
Build on resources that
encourage resilience

o Age-based mental health support

guidelines should be optimized

Quality of life measures™

o Score below average on social and
emotional maturity, dependence and
participation in daily living

Use a systematic approach
to evaluating QOL/HRQOL.
Encourage independence,
praise for accomplishment,
and provide opportunities for
fun

Target areas that affect
quality of life, including
continence, pain, and
psychosocial health

o Research that examines best

practices for children with spina
bifida that influence transition is
needed

Age-based guidelines to enhance
future independence and
employment ability should be
developed

Efforts to train adult specialists in
the care of the spina bifida patient
are needed

* Summarized with permission from the Spina Bifida Association Guidelines."?
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