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…folic acid fortification may be the most important science-
driven intervention in nutrition and public health in decades.

— I. H. Rosenberg41

It is estimated that there are 300,000 new live births af-
fected by neural tube defects (NTDs) worldwide each year. 
In the US there are approximately 1500 children born with 
NTDs each year.58 The indices of Global Burden of Dis-
ease indicate that NTDs are among the greatest causes 

of childhood mortality and disability-adjusted life years 
worldwide.26,56 The true mortality is likely underrepresent-
ed, as stillbirths and pregnancy terminations are usually 
not included.5 Mortality in children affected by NTDs is 
10-fold higher than in nonaffected children, and is high-
est in countries of modest resources due to limitations in 
specialized medical and surgical care.2,58 The economic 
and social costs are also staggering due to a combination 
of lost productivity and direct and indirect medical care 
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Neural tube defects (NTDs) are one of the greatest causes of childhood mortality and disability-adjusted life years 
worldwide. Global prevalence at birth is approximately 18.6 per 10,000 live births, with more than 300,000 infants with 
NTDs born every year. Substantial strides have been made in understanding the genetics, pathophysiology, and surgical 
treatment of NTDs, yet the natural history remains one of high morbidity and profound impairment of quality of life. Direct 
and indirect costs of care are enormous, which ensures profound inequities and disparities in the burden of disease in 
countries of low and moderate resources. All indices of disease burden are higher for NTDs in developing countries. 
The great tragedy is that the majority of NTDs can be prevented with folate fortification of commercially produced food. 
Unequivocal evidence of the effectiveness of folate to reduce the incidence of NTDs has existed for more than 25 years. 
Yet, the most comprehensive surveys of effectiveness of implementation strategies show that more than 100 countries 
fail to fortify, and consequently only 13% of folate-preventable spina bifida is actually prevented. Neurosurgeons harbor a 
disproportionate, central, and fundamental role in the management of NTDs and enjoy high standing in society. No or-
ganized group in medicine can speak as authoritatively or convincingly. As a result, neurosurgeons and organized neu-
rosurgery harbor disproportionate potential to advocate for more comprehensive folate fortification, and thereby prevent 
the most common and severe birth defect to impact the human nervous system. Assertive, proactive, informed advocacy 
for folate fortification should be a central and integral part of the neurosurgical approach to NTDs. Only by making the 
prevention of dysraphism a priority can we best address the inequities often observed worldwide.
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costs.2 These costs ensure profound inequities of disease 
burden and pronounced disparities in care between coun-
tries of abundant versus modest resources. However, up to 
92% of NTDs can be prevented with mandatory folic acid 
fortification.37 As a result, it is highly likely that the strat-
egy most likely to ameliorate inequities of disease burden 
in NTDs is prevention rather than surgical refinement.

The most common NTD forms are myelomeningo-
cele (MMC) and anencephaly, which represent 90% of all 
NTDs.10 Open MMC is classically and widely referred to 
as spina bifida (SB), but the spectrum of dysraphism also 
encompasses other variants such as meningoceles, en-
cephaloceles, craniorachischisis, lipomyelomeningoceles, 
and occult spinal defects.7,10,16,31,49 Occult defects frequent-
ly go underdetected or undetected, particularly in low-
resource settings, and are therefore likely underreported 
in the literature.49

The term “spina bifida” was first coined in 1641 by 
Nicholas Tulp, while the first isolated reports of surgi-
cal repair of open NTDs were recorded in the late 19th 
and early 20th centuries.18,19,53 These were largely proofs 
of a technical capability, and widespread surgical treat-
ment of open NTDs was not embraced until the 1970s. 
Prior to this, most cases of open NTDs were either not 
treated or highly selectively treated, with only the mildest 
forms being considered suitable candidates for closure and 
subsequent care.44 It was not until the late 20th century 
that substantial strides were made in understanding the 
pathophysiology, epidemiology, genetics, and central role 
of dietary folic acid fortification as an effective means of 
primary prevention.7,15,27

The key to many clinical advances came from epide-
miological observations.37 Many of the earliest of these 
arose from the United Kingdom because of the prevalence 
and severity of NTDs in this region. Observational epide-
miology studies from the middle part of the 20th century 
provided the key insight that the incidence of NTDs varied 
with multiple family variables including social class, eth-
nic group, maternal age, parity (number of prior pregnan-
cies), and geographical region.37 One of the key observa-
tions was made by Smithells, who noted that poor women 
had babies with NTDs at a significantly higher rate, which 
led to the hypothesis that dietary quality was contribu-
tory.21,46

Initial studies with multivitamin supplementation were 
promising and set the stage for the British Medical Re-
search Council study that found folic acid to be central to 
the genesis of NTDs. In this randomized trial, high-dose 
(5000 mg/day) oral folic acid was compared alone and in 
combination with other vitamin supplements.34 Only the 
treatment arms in which folic acid was provided realized 
significant reductions in NTD incidence, with a reduction 
of 72%.37

A multitude of subsequent studies have confirmed these 
findings and provided unequivocal evidence that folate 
fortification reliably and predictably reduces the incidence 
of MMC and anencephaly.15,27 These cases are referred 
to as folic acid preventable SB (FAP-SB) and have been 
subsequently shown to represent up to 92% of all clini-
cal NTDs. This realization led to mandated fortification of 
wheat and corn products in the US and 80 other countries, 

which resulted in pronounced reductions in rates of new-
born NTDs over the ensuring decades. It has been well 
established for at least two decades that folic acid fortifi-
cation is a safe, highly effective, and inexpensive preven-
tion strategy for NTDs, and yet rates of fortification vary 
widely. A 2015 survey of the extent of worldwide effec-
tiveness of dietary folate fortification strategies found that 
most countries in Europe, Africa, and Asia were not forti-
fying grains or rice with folate, and that consequently the 
estimated rate of actual prevention of FAP-SB was only 
13%.2 The lack of prevention occurs because there is in-
sufficient political will in many countries to either pass 
regulations that require mandatory folic acid fortification, 
or to provide sufficient oversight to ensure industry actu-
ally follows the regulations for mandatory folic acid for-
tification.2,37

Incidence and Global Disparities
Determining the true incidence of NTDs is difficult 

due to the high rate of fetal mortality and spontaneous 
abortions, especially for those NTDs not compatible with 
life.25 This is particularly challenging in low- and middle-
income countries (LMICs), where prenatal ascertainment 
is very low. Therefore, we rely chiefly on prevalence at 
birth as a surrogate epidemiological measure. Globally, 
more than 300,000 infants with NTDs are born every 
year.36 Worldwide prevalence at birth is approximately 
18.6 cases per 10,000 live births.6,30 There is, however, sig-
nificant regional, ethnic, and global variation. In the US, 
for example, the average birth prevalence is 7 cases per 
10,000 live births.55 However, birth prevalence is higher 
in Hispanics compared to White Americans, but lower 
in African Americans.55 In certain areas of Africa, birth 
prevalence of NTDs can reach 75 cases per 10,000 live 
births, while in areas of Latin America up to 96 cases 
per 10,000 live births have been reported.42,58 Howev-
er, estimating birth prevalence LMICs has proven to be 
very challenging. In Latin America, for example, only 2 
countries have documented population-based monitoring, 
while most rely only on sporadic hospital-based reports, 
contributing to the wide range in prevalence reported in 
the literature.58 While some differences in prevalence may 
be due to genetic variations and clustering, most of this 
disparity is attributable to substantial gaps in prevention 
efforts. Mortality among infants with open defects can 
also vary significantly, with rural areas having rates ap-
proaching 100% and developed nations as low as 10%.33,44 
Benefits in treatment and prevention have thus dispropor-
tionately bypassed LMICs, with many of these cases rep-
resenting preventable deaths and disabilities.5,22,56,57 Add-
ing to these challenges, most epidemiological studies in 
LMIC settings have significant limitations, and there is a 
lack of continued surveillance necessary to assess the ef-
ficacy of preventive efforts.

Treatment Versus Prevention
Neurosurgical treatment of NTDs is limited to prenatal 

or postnatal repair of MMC, treatment of associated hy-
drocephalus, posterior fossa decompression of the Chiari 
type II malformation, encephalocele or lipomyelomenin-
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gocele repair, and cord untethering.10 More recently, the 
MOMs (Management of Myelomeningocele Study) trial 
reported randomized evidence regarding the efficacy of 
prenatal repair, opening the possibility for improved out-
comes and a potential reduction in the need for CSF shunt-
ing, but at the risk of an increase in prenatal complica-
tions and preterm birth.1 While improved technique and 
better patient selection can reduce these risks,3,32 adoption 
of in-utero repair has been modest within the US, and still 
remains unavailable to most individuals in developing 
countries. The exceptional cost and limited availability of 
intrauterine MMC closure make it unlikely to exert a sig-
nificant impact on the broad public health perspective of 
global NTD management for the foreseeable future. Fur-
thermore, prenatal screening and ultrasound is uncommon 
in many low-resource areas, with nearly all NTD cases 
discovered at birth. Because neurosurgical intervention 
is unable to restore function lost due to failure of proper 
neural tube closure,7 all neurosurgical treatment of open 
NTDs remains fundamentally palliative. Therefore, pri-
mary prevention remains our most important and effec-
tive tool.

Folic Acid Supplementation
Folate is a water-soluble vitamin that may be obtained 

naturally as endogenous food folate or in its synthetic form 
(folic acid) from supplements and fortified foods. Folate is 
an unstable molecule, while folic acid is stable and can be 
incorporated into food. The earliest evidence of primary 
prevention of NTDs with multivitamin supplementation 
was provided by Smithells et al. in the early 1980s,21,45–48 
while later studies isolated folic acid as the major con-
tributor to this observation.4,8,20,29,35,43,52,54 Several clinical 
trials and meta-analyses have since provided conclusive 
evidence of NTD prevention with folic acid alone, with 
an estimated number needed to treat of 847.5,14,23,24,27,34 A 
more recent meta-analysis also showed that there was no 
effect of folic acid supplementation on cleft palate, cleft 
lip, congenital cardiovascular defects, miscarriages, or 
other birth defects.15

A daily folic acid dose of 400 mg can prevent the great 
majority of NTDs.17,28 Berry et al. showed effectiveness 
with a daily dose of 400 mg of folic acid in the community 
setting in China in both high and low prevalence regions.4 
The effect of prevention policies has varied substantially 
around the world. In the US, policies were first imple-
mented in 1992 with a recommendation by the US Public 
Health Service that all women of childbearing age should 
consume 400 mg of folic acid daily.40 In 1998, mandatory 
fortification of enriched cereal grain products (140 mg/100 
g) was instituted.9,11 Adoption of these policies within the 
US has resulted in a 28% reduction in NTD birth preva-
lence, from 10.7 cases per 10,000 live births in 1992 to 7 
cases per 10,000 live births in 1998, preventing approxi-
mately 1326 NTDs annually.55 Fortification has also lead 
to a decrease in serum folate deficiency levels from 30% to 
< 1%.38 However, after the initial reduction these policies 
achieved, birth prevalence of NTDs has remained stable 
in the US since 1999, and there are still significant gaps 
and opportunities for greater impact. Currently, nearly 

a quarter (21.6%) of childbearing age women in the US 
still have red blood cell (RBC) folate concentrations levels 
associated with a higher risk for NTDs.50 Only a small 
percentage of women (17% among Hispanic women and 
30% among White women) report consuming the recom-
mended ≥ 400 mg of folic acid per day.51 In the US, NTD 
prevalence among Hispanics is higher than other groups, 
which may be due to a combination of factors such as the 
reported difference in consumption of the daily recom-
mended allowance of folic acid by women of childbear-
ing age, as well as genetic factors. Of key importance is 
that the FDA did not require fortification of corn masa 
flour, a staple food eaten by many Hispanic Americans. 
There could be other factors as well; for example, the 
methylenetetrahydrofolate reductase T allele, a common 
genetic polymorphism in Hispanics, has been associated 
with relatively lower plasma folate and RBC folate con-
centrations.13

Globally, fortification mandates are still not universally 
adopted (https://fortificationdata.org/#data). For example, 
although maize and corn play a significant role in diet for 
Latin American countries, only a few have adopted forti-
fication mandates (Fig. 1). Wheat flour fortification man-
dates are more widely adopted, but there are still countries 
that could benefit significantly from adopting these poli-
cies (Fig. 2). Neurosurgeons should take a leading role in 
national and international policy as well as research aimed 
at promoting the implementation of folic acid fortification 
in all countries.

Mobilizing Neurosurgeons: A Call to Action
From the first day of life, open NTDs are the purview 

of neurosurgeons. Through primary closure, manage-
ment of hydrocephalus, posterior fossa decompression, 
and tethered cord release, these patients with NTDs are 
more closely connected to neurosurgery than virtually 
any other specialty. All other morbidities are secondary to 
disorders in neuronal innervation of end organs. Because 
neurosurgeons take the primary role in management of 
these conditions, it is incumbent on neurosurgeons to em-
brace a strong leadership role in prevention efforts. With 
increasing interest in global neurosurgery, and recognition 
of the vital role for neurosurgeons in global health, neuro-
surgeons are perfectly positioned to take a leading role in 
advocating for folic acid fortification efforts.

Neurosurgery is a small field that exerts a profoundly 
disproportionate impact. This is in large part due to the 
critical importance of the human central nervous system 
and the unparalleled ability of neurosurgeons to favorably 
impact the lives of patients with neurological illness. As a 
result, neurosurgery holds a position of societal privilege 
and prominence. This provides a unique and powerful po-
sition to advocate for the prevention of a profoundly severe 
neurological illness. Despite decades of diligent work, 
surgical advances remain largely palliative and the vast 
majority of patients with NTDs have significant lifelong 
morbidity. In LMICs, mortality rates remain high and the 
burdens of disease are profound. Associated emotional, 
psychological, and financial costs remain extremely high, 
and suffering persists at an extraordinary level. Yet, the 



Estevez-Ordonez et al.

Neurosurg Focus Volume 45 • October 20184

fundamental disease process is largely preventable with a 
safe, cost effective, and simple dietary vitamin fortifica-
tion. Brazil showed a 10-fold reduction in prevalence of 
NTDs following fortification, while the US observed a 
20% reduction in SB and a 34% reduction in anenceph-
aly.12,37,58 There is, to date, no significant evidence of ad-
verse public health consequences of folic acid fortification 
and the cost-effectiveness ratio is a staggering 150:1.2,12

Implementation Steps
Reducing inequities in neurosurgical care will require 

more than simply increasing capacity and advancing tech-
nical expertise. Fundamentally, neurosurgeons seek to re-

duce the burden of neurological diseases across the world. 
Prevention of FAP-SB represents the single greatest op-
portunity for neurosurgeons to contribute to this goal. As 
the primary stewards of SB care, neurosurgeons must di-
vorce themselves from the idea of prevention as belonging 
solely to the realm of public health policy. Comprehensive 
neurosurgical care delivery ought to incorporate preven-
tion efforts as a central aim and inherent part of an overall 
strategy that improves care and eliminates inequities and 
disparities in the burden of dysraphic disease.

Steps to Improve SB Care
We propose the following concrete steps for both indi-

FIG. 2. Wheat flour folic acid supplementation. The map displays (in green) countries that have legal documentation to either stan-
dardize (“voluntary fortification”) or mandate (“mandatory fortification”) food fortification with wheat flour folic acid, or countries that 
have written standards for folic acid (“fortification standards”). Source: Global Fortification Data Exchange (https://fortificationdata.
org/#data).

FIG. 1. Maize flour folic acid supplementation. The map displays (in green) countries that have legal documentation to either stan-
dardize (“voluntary fortification”) or mandate (“mandatory fortification”) food fortification with maize flour folic acid, or countries that 
have written standards for folic acid (“fortification standards”). Source: Global Fortification Data Exchange (https://fortificationdata.
org/#data).
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viduals and organized neurosurgery to work together to 
enhance SB care.

First, neurosurgeons must serve as powerful advocates 
for mandatory folic acid fortification of centrally processed 
foods. Our professional organizations should forward ev-
idence-based, scientifically valid position statements that 
support fortification and call upon Ministers of Health and 
elected political officials to support public health through 
proven prevention strategies. Neurosurgeons and neu-
rosurgical organizations can collaborate with experts in 
genetics, epidemiology, and public health to call for a re-
surgence of commitment to programs of fortification and 
associated surveillance and enforcement efforts, which 
ensure that the vast majority of women of reproductive 
age consume products that are appropriately fortified with 
folic acid and other micronutrients recommended by the 
WHO. The potential power of neurosurgery in contribut-
ing to this cause is substantial. Success in a single country 
can prevent more disease than any neurosurgeon or neuro-
surgical organization can treat (palliatively) in a lifetime.

Second, neurosurgeons must form partnerships with 

local and international colleagues to advance basic and 
clinical research. This can be accomplished by provision 
of tissue for large-scale genomic studies of human patients 
with NTDs and by advocating for patient registries. Mo-
saic and differential tissue expression ensures the value of 
tissue obtained directly from regions of NTDs. Only neu-
rosurgeons can provide the key tissue available in abun-
dance at the time of surgical treatment.

Third, neurosurgeons must support improved registry 
and surveillance efforts in North America and beyond. An 
example of this is the National Spina Bifida Patient Regis-
try, which is the largest currently available registry of pa-
tients with SB. This registry is sponsored and maintained 
by the US Centers for Disease Control and Prevention and 
currently has almost 9000 patients enrolled from 17 cen-
ters in North America.

Fourth, neurosurgeons should also advocate for greater 
prenatal screening, including ultrasound, by which open 
NTDs can be diagnosed.

Fifth, initiatives such as the Food Fortification Initia-
tive, Push! Global Alliance, and the Center for Spina Bifida 

FIG. 3. Sample Global Push report card. The report cards, developed by the PUSH! Global Alliance To Improve Nutrition and the 
Center for Spina Bifida Prevention/Emory University, provide country and regional snapshots of indicators for SB and hydrocephalus 
surveillance, prevention, and care. Reproduced with permission from the PUSH! Global Health Alliance (http://pu-sh.org/global-report-
cards). For more details on the PUSH! methodology, indicators, scoring criteria, and full recommendations, visit www.pu-sh.org.39
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Prevention at Emory University can provide country-level 
information on NTD prevalence and local prevention, and 
can serve as partners to effect significant change (Fig. 3).39

Sixth, neurosurgeons should support the establishment 
of comprehensive countrywide MMC centers of excel-
lence through a combination of advocacy, international 
collaboration, and funding.

Seventh, SB advocacy organizations and organized 
neurosurgical groups such as the World Federation of 
Neurological Societies, the Foundation for International 
Education in Neurological Surgery, and the International 
Society for Pediatric Neurosurgery must expand avail-
ability of multidisciplinary conferences on SB prevention 
and multidisciplinary management across the world. Such 
conferences must be interdisciplinary and include urology, 
orthopedics, and physical medicine and rehabilitation.

And lastly, neurosurgeons should work to establish and 
expand collaborations between their own institution and 
existing SB centers in developing countries.

Conclusions
Neurosurgeons will continue to enthusiastically debate 

and disseminate new surgical techniques and manage-
ment strategies for patients with NTD. However, unlike 
the vast majority of neurosurgical diseases, in NTDs we 
have a condition that is eminently preventable. We have 
had the scientific evidence for at least 25 years, yet it is 
only being partially utilized and embraced. We must have 
science-based advocacy to impress upon public policy 
decision makers the critical role that folic acid fortifica-
tion can play in the prevention of an otherwise devastating 
birth defect. Neurosurgeons must take an active leadership 
role in primary prevention, which is—and should be—our 
most powerful tool.
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