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Abstract
Maternal Vitamin B12 deficiency during pregnancy is associated with offspring neuropsychiatric disorders. Few previous 
studies examining this association with attention-deficit/hyperactivity disorder (ADHD) report inconsistent findings. The 
study examines the association between maternal serum Vitamin B12 levels and offsprings’ risk of ADHD. This study is 
based on the Finnish Prenatal Study of ADHD with a nested case–control design. All the singleton children born in Finland 
between January 1998 and December 1999 and diagnosed with ADHD were included in the study. A total of 1026 cases 
were matched with an equal number of controls on sex, date of birth and place of birth. Maternal Vitamin B12 levels were 
assessed using a chemiluminescence microparticle immunoassay and archived from maternal serum banks, collected during 
the first and early second trimester of pregnancy. Lower maternal Vitamin B12 levels when analyzed as a continuous variable 
was not associated with offspring ADHD (aOR 0.97, 95% CI 0.79–1.18, p = 0.75). No significant associations were seen in 
the lowest quintile of Vitamin B12 levels (aOR 0.96, 95% CI 0.73–1.27, p = 0.80). This is the first study examining maternal 
sera Vitamin B12 levels during early pregnancy and offspring ADHD. The result suggests that Vitamin B12 deficiency dur-
ing early pregnancy has specificity for some disorders but not with offspring ADHD.

Keywords Attention-deficit/hyperactivity disorder · ADHD · Maternal · Prenatal · Vitamin B12

Introduction

Attention-deficit/hyperactivity disorder (ADHD) is a 
common neurodevelopmental disorder characterized by 
symptoms of hyperactivity, impulsivity, and inattention 
[1]. The estimated prevalence of ADHD is 3.4% in chil-
dren [2]. Although there is strong evidence for genetic 
factors in ADHD [1], several environmental factors also 
contribute [3–7]. Evidence linking maternal nutrition and 
neuropsychiatric disorders in children has been shown in 
the Dutch and the Chinese famine studies in which mater-
nal exposure to famine resulted in offspring schizophre-
nia [8–12] and depression [13, 14]. Maternal nutrition is 
critical for fetal growth and development [15], and prena-
tal nutritional deficiency during a critical phase of brain 
development may result in irreversible functional changes 
to the brain, predisposing children to neurodevelopmen-
tal disorders [16, 17]. Several nutrient deficiencies such 
as folate, polyunsaturated fatty acids and minerals like 
iron and iodine in early pregnancy have been reported to 
negatively impact cognitive and behavioural outcomes of 
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offspring [18–20]. Maternal nutrient deficiency, including 
folic acid and iron deficits, has been suggested in several 
birth cohort studies as being related to offspring risk of 
schizophrenia [21].

Vitamin B12 (Cobalamin) is an essential nutrient 
required for neural myelination, synaptogenesis and 
neurotransmitter synthesis [22]. Vitamin B12 functions 
as an enzyme in the conversion of methylmalonic acid 
to succinyl-CoA and as a cofactor with folic acid in the 
methionine synthase reaction, which converts homocyst-
eine into methionine [23]. Impaired Vitamin B12 status 
during pregnancy has been associated with birth defects 
[24, 25] and immune function impairment [26]. Folate 
supplementation has been effective in the prevention of 
neural tube defects [27, 28].

According to our systematic review on the association 
of offspring ADHD with maternal Vitamin B12 and folate, 
we found five relevant studies, summarized in Table 1. 
None of the studies have examined maternal sera Vitamin 
B12 and the risk for ADHD in offspring. The UK study 
including 139 pregnant mothers showed that the maternal 
red cell folate (RCF) concentration was associated with 
offspring ADHD symptoms [29]. The Danish register-
based study including 35,059 pregnant mothers suggested 
that multivitamin but not folic acid supplementation 
before and during early pregnancy was associated with 
a lower risk of offspring hyperkinetic disorder diagnosis 
[30]. However, studies from New Zealand (n = 6246) [31] 
and from Spain (n = 420) [32] did not find associations 
between multivitamin or folic acid supplementation during 
pregnancy and offspring ADHD symptoms The Japanese 
questionnaire study including 1199 pregnant mothers’ past 
1-month diet history found no association between mater-
nal Vitamin B12 intake and parent-rated ADHD symptoms 
in offspring [33].

The previous studies with inconsistent findings have sev-
eral limitations. First, no studies have measured Vitamin 
B12 levels using maternal sera samples and ADHD out-
comes in the offspring. Information in previous studies on 
Vitamin B12 was based on multivitamin supplementation or 
food intake and the composition of the multivitamins used 
during pregnancy was not clear. Second, in four of the stud-
ies, ADHD symptoms were assessed by parents’ [29, 31, 33] 
or teachers’ [32] ratings and in only one study, the outcome 
was derived using register-based diagnoses of ADHD [30]. 
Third, the doses of supplements were unknown, thus limit-
ing findings and conclusions drawn from these studies.

This is the first population-based study using maternal 
sera to analyze Vitamin B12 levels in early pregnancy and 
follow-up of the offsprings’ ADHD outcome. The aim of 
this study was to examine the association between maternal 
serum Vitamin B12 levels in early pregnancy and the risk 
of ADHD diagnosis in the offspring.

Methods

The study is based on the Finnish Prenatal Study of ADHD 
(FIPS-ADHD) derived from a nested case–control design. The 
study includes all singleton live births in Finland from 1998 
to 1999 and diagnosed with ADHD in the Care Register for 
Health Care (CRHC) by 2011. Ethical approval for the study 
was provided by the Ethics Committee of the Hospital Dis-
trict of Southwest Finland, by the data protection authorities 
at the National Institute for Health and Welfare, and by the 
Institutional Review Board of the New York State Psychiatric 
Institute.

Nationwide registers

In this study, data were derived from three national registers: 
the CRHC, the Finnish Medical Birth Register (FMBR), and 
the Finnish Population Register Center (PRC). These registers 
are linked using personal identity codes (PIC).

The CRHC includes computerized data on all public and 
private inpatient diagnoses since 1967 and all outpatient diag-
noses since 1998. The diagnostic classification in Finland is 
based on the International Classification of Diseases (ICD), 
which is the international standard for reporting diseases and 
health conditions maintained by the World Health Organiza-
tion [34]. The ICD-10 has been used since 1996 [34], ICD-9 
from 1987 to 1995 [35] and ICD-8 from 1969 to 1986 [36]. A 
previous diagnostic validation study of the ADHD diagnosis 
in the register, based on the ICD-criteria for hyperkinetic dis-
order, has shown 88% validity for the Diagnostic and Statisti-
cal Manual of Mental Disorders, Fourth Edition (DSM-IV) 
diagnostic criteria for ADHD [37]. The ICD-10 and DSM-
IV criteria for hyperkinetic disorder/ADHD overlap, but the 
DSM-IV criteria have been shown to identify a broader group 
of children [38, 39].

The FMBR includes comprehensive and standardized data 
on all live births in Finland during the neonatal period up to 
7 days of age, and stillbirths where the fetuses had reached at 
least 22 weeks of gestation or had a birth weight of at least 
500 g. Data also include demographic characteristics, repro-
ductive history, maternal health-related behaviors and peri-
natal events.

The PRC is a computerized national archive that contains 
basic demographic information on Finnish citizens and per-
manent residents in Finland. The personal data recorded in the 
system include name, PIC, address, citizenship and native lan-
guage, family relations, date of birth and death (if applicable).

Case and control identification

The Finnish public health care system covers both primary 
health care and specialized health services and the mental 
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health care services are provided free of charge for both 
children and adults. Most patients are referred by primary 
health services, including child welfare clinics and school 
health care, to specialized services. ADHD is diagnosed by 
a specialist in psychiatry or neurology in public outpatient 
services.

The ADHD cases were identified from the CRHC and 
included all singletons born in Finland between 1998 and 
1999 and diagnosed with ADHD based on the ICD-10 codes 
of hyperkinetic disorders F90.0, F90.1, F90.8, and F90.9 or 
with the ICD-9 code 314X before 31.12.2011. Cases who 
had received the diagnosis of severe or profound mental 
retardation (F72–F73 in ICD-10 or 318 in ICD-9) and who 
were diagnosed before the age of 2 but not after that were 
excluded.

The controls were singleton offspring born in Fin-
land and without a diagnosis of ADHD or conduct disor-
der (F91–F92) or severe or profound mental retardation 
(F72–73). Each case is matched with one control on date of 
birth (± 30 days), sex, and place of birth. The controls were 
alive and residing in Finland at the time of the diagnosis of 
the matched cases. Among 1672 identified cases and con-
trols, sufficient serum was available in the FMC for 1026 
cases and 1026 matched controls.

Description of biobank in Finland

The Finnish Maternity Cohort (FMC) of the Northern Fin-
land Biobank Borealis [40] was established in 1983 and is a 
nationwide serum bank with approximately 2 million serum 
samples collected during the first and early second trimester 
of pregnancy (5th to 95th percentile: months 2–4 of preg-
nancy) from over 950,000 women. The FMC covers virtually 
all pregnancies in Finland during 1983–2016 with archived 
prenatal serum specimens drawn for routine screening for 
congenital infections (HIV, Hepatitis B and syphilis). After 
informed consent, the remaining serum samples (one sample 
of 1–3 mL for each pregnancy) are stored at − 25 °C in a 
protected biorepository at the Biobank Borealis and can be 
used for scientific research [41]. All samples in the FMC 
can be linked with offspring and other Finnish nationwide 
registers by a unique PIC that is issued to each resident of 
Finland since 1971.

Vitamin B12 measurement

To investigate Vitamin B12 levels in the prenatal serum 
samples, we measured Active B12 (HoloTC, Holotransco-
balamin) using a chemiluminescence microparticle immu-
noassay (CMIA) on the Architect i2000SR automatic 
immunoassay analyzer (Abbott Diagnostics) according 
to the manufacturer’s instructions [42]. The coefficient 
of variation (mean ± SD) derived from repeated quality 

control samples included in each set of daily assays was 
4.7% in the control samples with high B12 levels (range 
43.7–49.6 pmol/L) and 6.4% in those with low B12 levels 
(range 13.6–17.3 pmol/L).

Covariates

A number of covariates that have shown to be associated 
with both Vitamin B12 and ADHD were examined as poten-
tial confounders [4, 7, 37, 43–49]. We obtained informa-
tion on the number of previous births, maternal socioeco-
nomic status (SES), maternal age, maternal smoking during 
pregnancy, gestational age and weight for gestational age 
from the FMBR. In Finland, the maternal SES categories 
are based on occupation-based classification that is used in 
the FMBR: upper white-collar workers, lower white-collar 
workers, blue-collar workers and others (e.g. students and 
housewives) or missing (if the data were not available). 
Information on maternal and paternal psychiatric diagnoses 
and maternal substance abuse was obtained from the CRHC 
[4]. Information on maternal immigrant status was obtained 
from the PRC and included in the analysis, as maternal nutri-
tion deficiency is more common in certain ethnic groups 
[50] and there is an increased risk for offspring ADHD diag-
nosis [45]. The FMC was used for information on gesta-
tional week and season of blood draw. The seasons of blood 
collection were defined as winter (December to February), 
spring (March to May), summer (June to August) and fall 
(September to November). More description of all covariates 
is presented in Tables 2 and 3.

Statistical analysis

We examined the association between Vitamin B12 levels as 
a continuous variable and ADHD. Due to the skewed distri-
bution, Vitamin B12 was log-transformed before analysis. 
In the secondary analysis, we examined maternal Vitamin 
B12 classified as quintiles. The cut-off of the quintiles for 
case and control groups was based on the distribution in the 
control group. The reference group was the highest quin-
tile. The categorically defined covariates were tested with χ2 
and Student’s t tests for the association with log-transformed 
maternal Vitamin B12 levels among controls, and for the 
association with ADHD. The covariates were included in the 
adjusted regression models as potential confounders if they 
were associated with both the exposure and the outcome at 
p < 0.1. The point and interval estimate of odds ratios were 
obtained by fitting conditional logistic regression models for 
matched pairs. Statistical significance was based on p < 0.05. 
All the statistical analyses were performed with (SAS 9.4, 
SAS Institute, Cary, N.C.)
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Table 2  Relationship between covariates and maternal Vitamin B12 levels (≥/< median) among controls

SD standard deviation, t t test value, χ2 Pearson’s Chi-squared test value
a ICD-10: F90.X or ICD-9: 314.X
b ICD-8 (291, 303, 304), ICD-9 (291, 292, 303, 304, 305) or ICD-10 (F10–19)
c ICD-8 (291–308), ICD-9 (291–316) or ICD-10 (F10–99, excluding mental retardation (F70-79) excluding maternal substance abuse diagnosis
d ICD-8 (291–308), ICD-9 (291–316) or ICD-10 (F10–99, excluding mental retardation (F70-79)
1 Data missing for 7 controls
2 Data missing for 30 controls; data missing for 4 controls
Bold value indicates significance p<0.05

Covariates Maternal Vitamin B12 Maternal Vitamin B12   p value

 ≥ Median  < Median    

Mean SD Mean SD t

Maternal age (years) 29.52 5.20 29.58 5.41 0.18 0.85
Gestational week of blood draw 10.19 2.89 11.06 3.21 4.58  < 0.001

Covariates Maternal Vitamin B12 Maternal Vitamin B12 χ2 p value

 ≥ Median  < Median

N % N %

Previous births
0 191 37.23 209 40.74 1.32 0.25
 ≥ 1 322 62.77 304 59.26
History of maternal ADHD diagnosisa 1.00 0.50
No 512 99.81 513 100
Yes 1 0.19 0 0
History of maternal substance abuseb 0 1.00
No 506 98.64 506 98.64
Yes 7 1.36 7 1.36
History of maternal psychopathologyc 0.452 0.50
No 455 88.69 448 87.33
Yes 58 11.31 65 12.67
History of paternal ADHD diagnosisa,*,1 1.0 0.49
No 511 100 507 99.80
Yes 0 0 1 0.20
History of paternal psychopathologyd,*,1 0.003 0.95
No 443 86.69 441 86.81
Yes 68 13.31 67 13.19
Maternal smoking2 0.12 0.72
No 432 86.57 434 87.32
Yes 67 13.43 63 12.68
Maternal SES 10.24 0.03
Upper white collar 71 13.84 67 13.06
Lower white collar 213 41.52 234 45.61
Blue collar 106 20.66 77 15.01
Others 68 13.26 91 17.74
Missing 55 10.72 44 8.58
Gestational age (weeks)3 0.24 0.62
 < 37 19 3.71 22 4.31
 ≥ 37 493 96.29 488 95.69
Weight for gestational age3 1.33 0.51
 < − 2 SD 10 1.95 13 2.55
− 2 SD to + 2 SD 480 93.75 481 94.31
 >  + 2 SD 22 4.30 16 3.14
Maternal immigration status 0.10 0.28
No 511 99.61 507 98.83
Yes 2 0.39 6 1.17
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Table 3  Relationship between covariates and ADHD in case and control subjects

SD standard deviation, t t test value, χ2 Pearson’s Chi-squared test value
a ICD-10: F90.X or ICD-9: 314.X
b ICD-8 (291, 303, 304), ICD-9 (291, 292, 303,304,305) or ICD-10 (F10-19)
c ICD-8 (291–308), ICD-9 (291–316) or ICD-10 (F10-99, excluding mental retardation (F70-79) excluding maternal substance abuse diagnosis
d ICD-8 (291–308), ICD-9 (291–316) or ICD-10 (F10-99, excluding mental retardation (F70-79)
Bold values indicate significance p<0.05

Covariates Cases Controls t p value

Mean SD Mean SD

Maternal age (years) 27.89 5.87 29.55 5.31 6.73  < 0.001
Gestational week of blood draw 10.72 3.64 10.63 3.08 − 0.61 0.54

Covariates Cases Controls χ2 p value

N % N %

Previous births 14.69  < 0.001
0 486 47.37 400 38.99
 ≥ 1 540 52.63 626 61.01
History of maternal ADHD diagnosisa 4.51 0.03
No 1019 99.32 1025 99.90
Yes 7 0.68 1 0.10
History of maternal substance abuseb 26.09  < 0.001
No 970 94.54 1012 98.64
Yes 56 5.46 14 1.36
History of maternal psychopathologyc 60.25  < 0.001
No 766 74.66 903 88.01
Yes 260 25.34 123 11.99
History of paternal ADHD diagnosisa* 6.58 0.01
No 991 99.10 1018 99.90
Yes 9 0.90 1 0.10
History of paternal psychopathologyd* 41.82  < 0.001
No 755 75.50 884 86.75
Yes 245 24.50 135 13.25
Maternal smoking1 83.31  < 0.001
No 701 70.17 866 86.95
Yes 298 29.83 130 13.05
Maternal SES 35.19  < 0.001
Upper white collar 71 6.92 138 13.45
Lower white collar 408 39.77 447 43.57
Blue collar 214 20.86 183 17.84
Others 205 19.98 159 15.50
Missing 128 12.48 99 9.65
Gestational age (weeks) 25.07  < 0.001
 < 37 98 9.59 41 4.01
 ≥ 37 924 90.41 981 95.99
Weight for gestational age 11.14 0.003
 < − 2 SD 51 5.00 23 2.25
− 2 SD to + 2 SD 936 91.67 961 94.03
 > + 2 SD 34 3.33 38 3.72
Maternal immigration status 6.63 0.01
No 1004 97.86 1018 99.22
Yes 22 2.14 8 0.78
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Results

The study included 1026 ADHD case–control pairs. The 
mean age of diagnosis for cases was 7.3 years (SD 1.9, 
range 2–14 years).

Table 2 shows the association between covariates and 
maternal Vitamin B12 among controls. Gestational week 
of blood draw and maternal SES were associated with 
maternal Vitamin B12 levels among controls. Table 3 
shows the association between covariates and offspring 
ADHD among case and control subjects. Maternal age, 
previous births, history of maternal ADHD diagnoses, 
maternal substance abuse, maternal psychopathology, 
paternal ADHD diagnoses, paternal psychopathology, 
maternal smoking, maternal SES, gestational age, weight 
for gestational age and maternal immigration status were 
associated with offspring ADHD. Therefore, adjustment 
was made only for maternal SES.

Table 4 shows the unadjusted and adjusted results for 
the association between maternal serum Vitamin B12 and 
offspring ADHD. The maternal Vitamin B12 levels, ana-
lyzed as a continuous variable, were not associated with 
offspring ADHD in either the unadjusted (OR 0.96, 95% 
CI 0.79–1.16, p = 0.68) or the adjusted analyses (aOR 
0.97, 95% CI 0.79–1.18, p = 0.75). Maternal Vitamin B12 
levels, measured in quintiles, were also not associated 
with offspring ADHD. There was no significant associa-
tion between the lowest quintile of maternal Vitamin B12 
and ADHD in either the unadjusted (OR 0.96, 95% CI 
0.73–1.26, p = 0.77) or the adjusted analyses (aOR 0.96, 

95% CI 0.73–1.27, p = 0.80). When an additional analysis 
was conducted adjusting for all covariates for maternal 
Vitamin B12 levels measured as a continuous variable, 
and in quintiles, the findings did not change. As ADHD 
diagnoses may be considered unreliable before the age 
of 6 years, we conducted sensitivity analyses, including 
cases diagnosed at age 6 years or more (n = 948). These 
cases might have been diagnosed before age 6, but they 
had to have the diagnosis recorded at six years or more. 
The findings remained negative in all analyses (Supple-
mentary Table 1).

Discussion

This is the first population-based study examining maternal 
Vitamin B12 levels in prenatal sera in relation to ADHD 
in offspring. There was no significant association observed 
between maternal Vitamin B12 and offspring ADHD. The 
findings of the study were in line with previous studies 
based on folate and multivitamin supplementation [31–33]. 
In contrast, the only previous study with offspring ADHD 
diagnoses from Denmark showed that multivitamin supple-
mentation was associated with a reduced risk for ADHD in 
offspring [30]. However, the Danish study did not include 
the levels of serum Vitamin B12 during pregnancy.

The major strengths of the present study are the large 
nationwide representative sample and availability of mater-
nal Vitamin B12 levels from prospectively collected mater-
nal serum samples during pregnancy. The study was well 
powered to detect even a relatively small difference between 

Table 4  Odds ratios and 95% CI of the association between maternal serum Vitamin B12 (continuous, quintiles) and offspring ADHD

a Adjusted for maternal SES

(A) Vitamin B12 as a continuous variable

  Case (N = 1026) Control (N = 1026) Association with maternal serum Vitamin B12

Maternal Vitamin B12 
levels (pmol/L)

Median Median Odds ratio (unadjusted) 
95% CI

p value Odds ratio  (adjusteda) 95% 
CI

p value

Log-transformed analysis 4.50 4.52 0.96 (0.79–1.16) 0.685 0.97 (0.79–1.18) 0.759

(B) As a categorical variable

  Case (N = 1026) Control (N = 1026) Association with maternal serum Vitamin B12

Maternal Vitamin B12 
(%) (pmol/L)

n (%) n (%) Odds ratio (unadjusted) 
95% CI

p value Odds ratio  (adjusteda)
95% CI

p value

Quintiles
 < 20 (< 1.20) 202 (19.68) 202 (19.68) 0.96 (0.73–1.26) 0.771 0.96 (0.73–1.27) 0.803
20–39 (1.20–2.38) 219 (21.34) 205 (19.98) 1.02 (0.77–1.34) 0.883 1.03 (0.78–1.37) 0.802
40–59 (2.39–4.02) 206 (20.07) 205 (19.98) 0.95 (0.72–1.26) 0.758 0.98 (0.74–1.29) 0.892
60–79 (4.03–7.09) 184 (17.93) 208 (20.27) 0.84 (0.63–1.11) 0.236 0.87 (0.65–1.16) 0.360
 ≥ 80 (≥ 7.10) 215 (20.95) 206 (20.07) Reference Reference
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case and control levels of maternal Vitamin B12. Assuming 
two independent samples and given the number of cases 
and controls (n = 1026 per group) with alpha set at 5% for a 
two-sided t test, at 80% power the minimum detectable effect 
size would have been d = 0.12 (in units of SD), generally 
considered a “small” effect size.

We note some limitations to our study. First, ADHD is a 
multifactorial disorder involving a combination of genetic 
and environmental factors; yet, the present study concerns 
only Vitamin B12, a single nutrient. However, as in most 
research studies of complex outcomes, effects can still be 
observed for single risk factors including micronutrients 
as in studies of folic acid and neural tube defects [21, 51], 
and the reduction in risk obtained is also of public health 
benefit even though the outcome is not entirely eliminated 
by this intervention. The ultimate goal of this research is to 
improve the explanatory variance of ADHD, and for that 
purpose, other groups and we are working to increase the 
number of micronutrients and other factors quantified. With 
regard to the present study, folic acid and homocysteine are 
not measurable in the stored sera; however, one advantage 
of quantifying serum levels is that it represents a final out-
come of such factors, including genes related to homeostatic 
and metabolic processes and, as in the folic acid/neural tube 
defects findings, the pathology can be corrected by supple-
mentation of this nutrient even without directly addressing 
the antecedent factors [21]. Second, we did not quantify neo-
natal levels of Vitamin B12. However, maternal and neonatal 
serum levels of Vitamin B12 were significantly correlated 
with one another in prior work [51]. Third, ADHD cases 
were referred to specialized services and are likely to rep-
resent more severe cases. Fourth, ADHD diagnoses were 
based on register information. However, our previous study 
has reported the validity of ADHD diagnosis to be high 
(88%) [37]. Fifth, information about serum Vitamin B12 
levels was restricted to the first and early second trimesters 
of pregnancy, and thus the findings cannot be generalized to 
those occurring later in pregnancy.

The present study does not support the hypothesis that 
Vitamin B12 deficiency during pregnancy is an etiologi-
cal factor for offspring ADHD. Some previous studies have 
suggested that maternal multivitamin or folate supplemen-
tation and high homocysteine levels might have an asso-
ciation with offspring neuropsychiatric disorders such as 
autism and schizophrenia [52–55]. In a large birth cohort, 
the Child Health and Development Study, Brown et al. [55] 
demonstrated that maternal homocysteine levels in the high-
est tertile of the distribution were related to a greater than 
twofold increased risk of schizophrenia among offspring. It 
has been suggested that one possible explanation for these 
associations could be related to dysfunction in one-carbon 
metabolism resulting in altered DNA methylation [56]. Low 
folate causes high homocysteine in maternal serum through 

a disruption in methionine metabolism, which may induce 
abnormal fetal brain development. Of note, the present 
study is not comparable with previous studies on other neu-
ropsychiatric disorders that have not specifically measured 
Vitamin B12 levels during pregnancy. Future studies should 
address the possibility that maternal Vitamin B12 deficiency 
has specificity as an etiological factor for some disorders but 
not others as well as the possibility that Vitamin B12 could 
be related to offspring ADHD only in mothers or offspring 
with a genetic mutation that alters one-carbon metabolism. 
This has been suggested in studies of gene variants such as 
methylene tetrahydrofolate reductase (MTHFR), folic acid, 
and neural tube defects [57].
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