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ABSTRACT

Low cobalamin intake and status during pregnancy or lactation have been linked to adverse maternal and perinatal health outcomes, whereas

low cobalamin status during early childhood is associated with impaired development in children. Women who begin pregnancy with depleted

stores (low or very low plasma cobalamin) will give birth to depleted infants who are likely to develop deficiency symptoms during the first few

weeks or months postpartum. Newly ingested cobalamin during pregnancy and lactation (from diet or supplements) is transferred to the child

and is not likely to correct cobalamin status in depleted women. The prevalence of low cobalamin status is high especially in low-income settings

or in populations with a low intake of animal products. Folate and cobalamin play interdependent roles in one-carbon metabolism. Although

folic acid supplementation during early pregnancy is widely recommended and practiced, cobalamin supplementation during pregnancy and

lactation has received little attention. Furthermore, the intake recommendations for pregnant and lactating women and in early life need

reevaluation in the light of newly available evidence in the field. Adv Nutr 2017;8:971–9.
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Cobalamin in Pregnancy and Health Outcomes
Cobalamin requirements increase during pregnancy and lac-
tation to meet the demands of the mother, the fetus, and the
infant. Women of childbearing age from low-income settings
and those with low intake of animal products are at risk of co-
balamin deficiency (1). The deficiency also is common in the
same at-risk groups during pregnancy (2, 3).

Maternal cobalamin deficiency has been related to an in-
creased risk of early and recurrent miscarriage (4, 5), pre-
term birth (6), and low birth weight (7, 8). Preconception
cobalamin concentrations $258 pmol/L were associated
with a 60% reduced risk of preterm birth, but they did
not affect pregnancy loss or conception in Chinese women
(6). Plasma methylmalonic acid (MMA), a functional marker
of low cobalamin status, was positively associated with the
probability of spontaneous miscarriage in Brazilian women
(OR 3.8, 95% CI: 1.4, 10.6 per quartile increase in MMA) (9).

Serious developmental defects of the central nervous sys-
tem [e.g., neural tube defects (NTDs)] are associated with
maternal cobalamin deficiency, although the evidence for a
causal role of low cobalamin status in NTDs is moderate com-
pared with that of low folate (10). The incidence of NTDs is
6.7–8.2/1000 live births in some parts of India (11) where co-
balamin status is low (12). NTD risk was associated with low
maternal holotranscobalamin (holoTC) levels and maternal
transcobalamin 2 genotypes that influence cobalamin levels
(13). Researchers in Ireland reported that plasma cobalamin
<185 pmol/L increased the risk of NTD by 2.5- to 3-fold, after
adjusting for folate status (14). According to that study, pre-
conception cobalamin concentrations of >221 pmol/L are
likely to be associated with a low risk of NTDs (14).

Anemia is a common complication of pregnancy in trop-
ical countries, where multiple nutrients deficiency is com-
mon and evidence for an association between low
cobalamin and maternal anemia has been regarded as lim-
ited (15). Even when cobalamin deficiency was not the
main cause of anemia, cobalamin administration
(i.e., 200–250 mg/wk initially, followed by 50 mg/wk) allevi-
ated the symptoms in many cases (16), suggesting that
screening anemic women for cobalamin deficiency may be
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useful in detecting undiagnosed cases that would benefit
from supplementation.

The increased risk of disease was observed at serum co-
balamin concentrations within the reference range. There
could therefore be a threshold for serum cobalamin above
which the risk of adverse health outcomes is low.

Cobalamin Requirements during Pregnancy
and Lactation
The RDAs for cobalamin were set at 2.6 mg/d for pregnant
women and 2.8 mg/d for lactating women (17). The National
Academies of Sciences, Engineering, and Medicine, Institute
of Medicine, Food and Nutrition Board, defined the RDAs
based on the following assumptions: 1) half of total body co-
balamin is stored in the liver (18), 2) cobalamin absorption
increases during pregnancy to cover the requirements of the
fetus and mother (19, 20), and 3) recently absorbed cobala-
min is transferred to the fetus (17). It has been estimated
that 0.1–0.2 mg cobalamin are stored in the fetal liver per
day of pregnancy. Thus, the estimated average requirement
(EAR) of nonpregnant women (2.2 mg/d) should be in-
creased by 0.2 mg/d to satisfy fetal needs. The EAR for lactat-
ing women was set by increasing the EAR for nonpregnant
women by 0.33 mg/d cobalamin (i.e., the amount of cobala-
min excreted in milk during the first 6 mo of lactation) (17).

The assumptions used to estimate the RDAs were not
corraborated by other studies. For example, increased cobal-
amin absorption following oral cobalamin administration
was not confirmed based on the CobaSorb test at any time
during pregnancy (21). Moreover, the enhanced transport
of recently ingested cobalamin from the mother to the fetus
or the infant theoretically can exacerbate cobalamin deple-
tion in women with low serum cobalamin. To estimate co-
balamin intake recommendations for pregnant and
lactating women, more research is needed to address the
gaps in knowledge in this field (Text Box 1).

Changes in Cobalamin Markers during Pregnancy
Cobalamin acutely administered to pregnant animals or hu-
mans is actively transported and accumulates in the placenta

and fetal organs (20, 22–24). Cobalamin supplementation
(50 mg/d) to deficient pregnant Indian women from 14 ges-
tational weeks to 6 wk postpartum led to higher maternal
plasma cobalamin in the second and third trimesters, but
it did not lead to differences in metabolic markers of defi-
ciency [e.g., MMA and total homocysteine (tHcy)] com-
pared with the placebo group (3). The decline in plasma
cobalamin between the first and second trimesters was at-
tenuated in the cobalamin-treated group (3). In the same
study, 6-wk-old newborns from women receiving supple-
ments had higher cobalamin and lower MMA and tHcy
compared with newborns from placebo-treated women
(3). As such, there seems to be a prioritization of available
cobalamin to the placental-fetal unit at the expense of ma-
ternal needs, because maternal cobalamin metabolic
markers were not corrected in the study from India (3). It
remains unclear how maternal cobalamin deficiency may af-
fect homeostasis of the vitamin and its fetal transport during
pregnancy.

Hemodilution, decline in albumin, and increased glo-
merular filtration rate during pregnancy affect blood con-
centrations of metabolites and nutrients. Serum cobalamin
declines during pregnancy (25, 26) but returns to precon-
ception concentrations postpartum (27). The decline in se-
rum cobalamin has raised concerns about the depletion of
maternal cobalamin during pregnancy. In nondeficient
women not receiving nutritional supplements, serum holoTC
falls between preconception and the first trimester but then
remains stable throughout the remainder of a pregnancy
(21, 28); this could indicate a mechanism that preserves the
biologically available form of cobalamin throughout preg-
nancy. In support of a decline in cobalamin status at late
pregnancy, serum MMA initially falls during early and
mid-normal pregnancy but gradually increases by late preg-
nancy to higher concentrations than at preconception or
early pregnancy (26). The increase in MMA occurs in the
face of the physiological forces leading to reduced concen-
trations of other plasma metabolites or nutrients and the in-
crease is greater in women beginning their pregnancy with a
lower plasma holoTC (<67 pmol/L), suggesting that it could

TEXT BOX 1 GAPS IN KNOWLEDGE REGARDING COBALAMIN REQUIREMENTS DURING
PREGNANCY AND LACTATION

How is cobalamin distribution regulated between maternal and fetal tissues, particularly in cobalamin-depleted
women?
Is cobalamin absorption from food (protein bound) and from supplements (free) higher during pregnancy com-
pared with preconceptional absorption?
Is there a clearance of newly absorbed cobalamin to fetal tissues (during pregnancy) or to the infant (through hu-
man milk during lactation)?
Can cobalamin stored in the kidney be mobilized more efficiently in pregnant women with low status than in those
with high status?
Should the estimated average requirement calculations consider preservation of sufficient maternal cobalamin stores
(i.e., based on functional markers such as methylmalonic acid, and total homocysteine) during pregnancy and lac-
tation instead of being based solely on the amount assumed to be transported to the fetus or infant?
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be related to impaired maternal cobalamin status in late
pregnancy (26). Similar results regarding increases in plasma
tHcy concentrations (29, 30) during late pregnancy were re-
ported, despite the presence of physiological factors ex-
pected to produce the opposite effect. The decline in
serum total cobalamin between 13 and 36 wk gestation
was associated with an increase in tHcy (3.8–5.0 mmol/L)
and MMA (0.10–0.16 mmol/L) (21). The contribution of
impaired cobalamin status to the increase in tHcy in late
pregnancy has not been quantified; the increase in both
MMA and tHcy in late pregnancy suggests a decline in ma-
ternal cobalamin stores, possibly because of preferential
transfer to the fetus.

Cobalamin-binding proteins and their saturation also
change during pregnancy (21, 25, 28, 31). Total TC concen-
trations increase and TC saturation decreases during preg-
nancy (25, 31). The decline in serum total cobalamin has
been explained by a reduction in total haptocorrin (HC)
and holohaptocorrin (21, 28).

Balanced Cobalamin and Folate
Nutrients such as cobalamin, folate, vitamin B-6, methio-
nine, choline, betaine, riboflavin, and cysteine participate
in the one-carbon metabolic network. Cobalamin is a cofac-
tor for methionine synthase, the enzyme that converts ho-
mocysteine (Hcy) to methionine, through use of the
methyl groups provided by the folate cycle. Cobalamin is a
rate-limiting factor for Hcy methylation when folate status
is replete (32). Cobalamin deficiency impairs the folate
and methionine cycles, thus reducing purine and py-
rimidine synthesis and affecting DNA replication and
epigenetic regulation in growing cells. The conversion of
5,10-methylenetetrahydrofolate to 5-methyltetrahydrofolate
by methylenetetrahydrofolate reductase is irreversible. As
such, in cobalamin-deficient subjects folate remains trapped
as 5-methyltetrahydrofolate and cannot be used in the reme-
thylation of Hcy to methionine. Alternative sources of methyl
groups can change the balance in the folate cycle (33–36) in
cobalamin-deficient women or those with an imbalanced in-
take of the nutrients (37).

Preconceptional folic acid (400–800 mg/d) is recommen-
ded to reduce the risk of NTDs. Mandatory fortification
with folic acid (200 mg/d) has been implemented in >70
countries and voluntary fortification is in place in some
countries. Targeted supplementation of high doses of folic
acid (1–5 mg/d) during early pregnancy is a common prac-
tice in countries such as India and Sri Lanka (38). Neonates
born to Indian women with low cobalamin intake who con-
sume >1000 mg/d of folic acid and those with a low cobala-
min:total folate intake ratio are at increased risk of being
born small for gestational age (39). High red blood cell folate
in pregnant Indian women has been associated with adipos-
ity (40) and an increased risk of insulin resistance in their
children if maternal plasma cobalamin concentrations also
were low (40, 41). The risk of gestational diabetes was higher
in cobalamin-deficient Indian women, and risk of perma-
nent diabetes in the cobalamin-deficient women with

gestational diabetes was higher in those with higher folate
status (41). In pregnant women from the United Kingdom,
BMI was negatively associated with both folate and cobala-
min statuses, and cobalamin deficiency also was associated
with insulin resistance in these women (42). Women with a
combination of low plasma cobalamin (<170 pmol/L) and fo-
late (<10.3 nmol/L) statuses had the highest BMIs, whereas
those with high cobalamin (>238 pmol/L) and folate
(>18.3 nmol/L) statuses had the lowest BMIs (42). Taken to-
gether, women with imbalanced folate-cobalamin intakes
(e.g., vegans) may require additional sources of cobala-
min before and during pregnancy to reduce the risk of
NTDs or other adverse health outcomes in the mother
or child.

Determinants of Cobalamin in Breast Milk
Recent maternal cobalamin intake is the main source and
determinant of breast milk cobalamin. Milk cobalamin is a
major determinant of cobalamin status in exclusively
breastfed infants and is correlated strongly with maternal
blood cobalamin (43, 44) and maternal intake. A single in-
jection of 50 mg cobalamin caused a 150-fold increase in
milk cobalamin concentrations, but the effect lasted for
only 7 d in a study of Indian women (43). Oral supplemen-
tation of cobalamin until 6 wk postpartum led to a 2-fold in-
crease in mean breast milk cobalamin (3) and markers of
cobalamin status in the infants compared with the placebo
group. Infant cobalamin status declined when maternal sup-
plementation was stopped (3). Breast milk cobalamin may
be depleted in lactating women consuming a strict vegetar-
ian diet or in women from low-income settings (45, 46). A
10-wk-long diet providing ;8.6 mg/d cobalamin beginning
at 5 wk postpartum did not increase cobalamin concentra-
tions in breast milk (44). Therefore, in women with low to
moderate cobalamin intake (<10 mg/d), the amount of co-
balamin available for transport to the child during lactation
may be limited.

In a Mexican study, 15% of the women had plasma cobal-
amin concentrations of <74 pmol/L during pregnancy,
and levels <103 pmol/L were found in 30% of them during
lactation (45), suggesting that depleted cobalamin reserves
persist in the postpartum period. Milk cobalamin con-
centrations <362 pmol/L [cutoff suggested by Specker and
colleagues (47, 48)] were found in 31 of 50 Mexican women
(45). The presence of anemia was associated with signifi-
cantly lower breast milk cobalamin concentrations (mean
285 pmol/L in anemic women compared with 418 pmol/L
in nonanemic women) (45). The association between
plasma cobalamin and breast milk cobalamin was smaller
than expected, possibly because cobalamin status was low
in all of the Mexican women studied (45).

In a study of lactating Danish women, milk cobalamin
concentrations declined between 2 wk and 4 mo and re-
mained at this low concentration at 9 mo (49). At 4 mo
low milk cobalamin concentration was associated with the
lowest serum holoTC and the highest MMA in breastfed
children (49), suggesting that the breast milk cobalamin
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concentration at 4 mo was not sufficient to maintain a
child’s metabolic functions on the same level as before
that age. Another study on lactating Brazilian women con-
firmed the decline in milk cobalamin concentrations during
the first 3 mo of lactation (from 0.35 to 0.25 nmol/L) (50).

Mean milk cobalamin concentrations were compared be-
tween mother-infant cohorts of high (50) to low cobalamin
status (47, 51). The highest milk cobalamin content (mean
0.91 mg/L) was observed in women receiving supplements
(51), whereas the lowest content (0.31 mg/L) was detected
in vegans (47). Milk cobalamin concentrations <0.49 mg/L
from vegan women not receiving supplements were associ-
ated with elevated urinary MMA in their infants (52).

Large variations exist between studies of the association
between serum and milk cobalamin, making interstudy
comparisons difficult (44, 45). Timing of sample collection
and methodological inaccuracy in human milk cobalamin
determination are important sources of variation (53).
Milk HC content increases during lactation, and unbound
HC (>10 pmol/L) interferes with assay methods (54) and
should be removed before cobalamin is measured (49, 54).
Differences between studies also are explained by interven-
tion regimes (timing, duration, and dose) and baseline co-
balamin status of the participants.

The associations between markers of cobalamin status in
lactating mothers, breast milk, and their breastfed offspring
have not been studied adequately (3, 55), especially in
women who are depleted of the vitamin (56). In general,
there is evidence that milk cobalamin content declines after
6 mo of lactation and this decline could be critical for
fulfilling a child’s requirements, especially when the mother
is depleted.

Cobalamin Intake Recommendations in Infants
The adequate intake (AI) for cobalamin in infants aged 0–6mo
was estimated to be ;0.40 mg/d. The AI for children from 6
mo to #1 y was extrapolated from this estimate and adjusted
to body weight (57). This AI for infants was estimated from
human milk cobalamin concentrations and the amount of
milk consumed per day in asymptomatic infants (57), in addi-
tion to the association between maternal milk cobalamin
concentration and urinary MMA in the offspring of vegan
mothers (52).

The approach to defining the AI of cobalamin in infants
has been questioned, mainly as a result of analytical limita-
tions in studies of milk cobalamin content, including timing
of sample acquisition, because milk cobalamin content de-
clines in the postpartum period (49, 54, 58). Moreover, ma-
ternal or child plasma cobalamin status markers were not
considered when defining the AI of cobalamin in infants.
Fluctuations in cobalamin concentrations during the first
years of life also appear to be a critical factor. Cobalamin sta-
tus decreases in exclusively breastfed infants between 4 and
6 mo after birth, even in those born to nondeficient mothers
(49); this has been shown by high urinary MMA and plasma
homocysteine (59) and low plasma holoTC and cobalamin.
Urinary MMA in exclusively breastfed infants of vegetarian

mothers was studied in infants with a mean age of 7 mo
(range: 2–14 mo) (47, 52) who showed a wide overlap
with results from omnivorous infants. Large interindividual
variation in serumMMA have been reported in the first year
of life and may be only partly explained by cobalamin status
(60). Text Box 2 shows the gaps in knowledge related to co-
balamin intake recommendations in infants.

Cobalamin Status in the Baby at Birth and
during Lactation and Prolonged Lactation
Cobalamin status (total cobalamin and holoTC in cord se-
rum) at birth is positively related to maternal cobalamin sta-
tus (26, 61, 62). Low maternal status during pregnancy
remains a relevant predictor of low child cobalamin in
preschool-age children; this is likely to be explained by
low child vitamin stores at birth (61) and continued insuffi-
cient dietary intake after weaning (63). The strong associa-
tion between maternal and child cobalamin status beyond
the age of lactation is explained by socioeconomic status
and diet. Predictors of cobalamin status in preschool-age
and school-age children include maternal supplement use;
cobalamin status at birth; feeding patterns (breast milk
and formula) (64, 65); and introduction, quality, and fre-
quency of animal-based complementary foods after weaning
(66). Infants born to well-nourished women have high
plasma cobalamin concentrations at birth (31, 67),
whereas those born to vegetarian mothers not taking sup-
plements are depleted at birth (47, 52). The effect of de-
pleted maternal cobalamin status (based on cobalamin
markers) during lactation was evident in Guatemalan in-
fants at 12 mo postpartum (55).

Cobalamin markers in blood (total cobalamin, MMA,
and tHcy) continue to change postpartum #19 y (60, 68).
Age-related changes are not always associated with symp-
toms of deficiency, but they are more pronounced in exclu-
sively breastfed or depleted infants. The association between
cobalamin depletion and subtle signs of deficiency or devel-
opmental delay is not well studied because there are no es-
tablished reference ranges for cobalamin markers at or
after birth.

Cobalamin deficiency after birth is a public health prob-
lem in countries with endemic deficiency and prevalent or
prolonged breastfeeding practices associated with widespread
food insecurity. For example, breastfeeding was associated
with low plasma cobalamin and elevatedMMA inNepali chil-
dren aged 6–11, 12–23, and 24–35 mo (65). The differences in
cobalamin markers between breastfed and formula-fed in-
fants were greatest in the first year of life, in which comple-
mentary foods from animal sources are not likely to be
consumed. In a study of Guatemalan infant-mother pairs, in-
fant urinary MMA at age 3 mo was related to maternal serum
cobalamin and was partly explained by breast milk cobalamin
(69). Maternal intake of cobalamin during lactation (median:
1.47 mg/d) was unlikely to be sufficient, thus explaining the
high prevalence of very low (<148 pmol/L, in 13%) and mar-
ginally low serum cobalamin levels (148–221 pmol/L, in
33%) in the infants (69).
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Low levels of food security in India are associated with
cobalamin deficiency in children as a result of prolonged
breastfeeding (66). Prolonged exclusive breastfeeding is a
strong predictor of low serum cobalamin concentrations
in children from families with low socioeconomic status
(64, 70). Moreover, prolonged breastfeeding in Indian chil-
dren (mean age: 16 mo) from families of low to middle so-
cioeconomic status was associated with stunting, anemia,
low weight, or wasting (low weight-for-length) (66, 71).

Cobalamin Deficiency and Its Manifestations in
Infants and Children
Cobalamin deficiency in children is common in several Af-
rican (72, 73), Southeast Asian (74–76), and South Ameri-
can (45, 69) populations. The risk of low serum
cobalamin (<148 pmol/L) was 2-fold higher in Kenyan
schoolchildren whose diet contained no meat than it was
in schoolchildren whose diet contained some meat, 5-fold
higher in the lowest compared with the highest tertile of
milk consumption, and almost 7-fold in the lowest compared
with the highest tertile of any animal food source (73). Prev-
alent cobalamin deficiency (indicated by plasma cobalamin,
MMA, and tHcy) in other populations such as Guatemalan
schoolchildren (mean age: 10 y, range: 8–12 y) (77), however,
was not explained by cobalamin intake (mean: 5.5 mg/d) that
was expected to cover daily requirements for this age group
(1.8 mg/d) (78). Infection with Helicobacter pylori or bacterial
overgrowth could interfere with cobalamin absorption (79),
but further investigation is needed.

In affluent countries cobalamin deficiency can affect peo-
ple with alternative dietary practices, such as strict vegetar-
ians or individuals consuming a macrobiotic diet (80, 81).
A macrobiotic diet contains minimal amounts of meat and
focuses on the consumption of local and seasonal products.
Feeding a macrobiotic diet during the first 6 y of life had
long-term effects on biochemical markers of cobalamin in
adolescents (elevated MMA or lowered cobalamin) who
consumed a lacto-vegetarian or lacto-ovo-vegetarian or om-
nivorous diet from the age of 6 y onward (82).

Nutritional cobalamin deficiency in infancy is manifested
between ages 3 and 6 mo in parallel with the decline in co-
balamin supply in breastfed infants. Symptoms differ in se-
verity and include physical, hematological, and neurological
signs (83). The majority of symptoms are reversible if trea-
ted during the early stages of the disease, but long-term neu-
rological complications have been reported (83). Screening
for cobalamin deficiency is warranted in children with low
birth weight, unexplained anemia, poor physical growth, or
neurodevelopmental delays. Moreover, cobalamin deficiency
should be explored in children with diseases that increase
the risk of deficiency such as malabsorption disorders. Subtle
cobalamin deficiency is common in school-age children and
it may not lead to acute illness, but it can affect child physical
growth, cognitive development, and behavior (84).

The physical growth of children and adolescents who
consume macrobiotic diets, vegan diets, or diets poor in co-
balamin has been studied extensively. In a study of Dutch in-
fants born to women consuming a macrobiotic diet, the
mean birth weight of the newborns was 200 g (P < 0.05)
lower than that of a Dutch reference population. In a study
of a macrobiotic community, age-specific anthropometric
measurements (length, weight, sitting height, and arm cir-
cumference) in infants aged <6 mo were found to be similar
to the Dutch standards; however, markedly lower height,
weight, and other physical measures were observed in the
macrobiotic group compared with the reference group after
age 6 mo (81). Cobalamin status in macrobiotic children
was positively associated with bone mineral density and con-
tent even after adjusting for potential confounders (85). A
causal role for cobalamin deficiency in childhood diseases
could not be established because of possible confounding
by factors such as infections or multiple nutrients deficiency,
which also can affect disease outcomes (72, 73, 77).

Indian infants (aged 12–18 mo) with biochemical signs
of cobalamin deficiency had lower psychomotor and mental
development scores compared with infants with higher co-
balamin status (86). In line with this, children consuming a
macrobiotic diet performed worse in psychomotor development

TEXT BOX 2 GAPS IN KNOWLEDGE REGARDING COBALAMIN INTAKE RECOMMENDATIONS
IN INFANTS

Analytical laboratory methods should be standardized for the purposes of valid cross-comparison or pooled anal-
yses of different populations and studies.
The choice of cobalamin marker in women and infants is essential. A combination of several markers is recommen-
ded. Urinary methylmalonic acid alone lacks specificity and shows interstudy variability. It is not clear how urinary
methylmalonic acid can be affected by biological factors that are unrelated to cobalamin status.
Cobalamin adequate intake for infants should be determined in age groups (0–4, 4–6, and 6–12 mo) because co-
balamin status markers fluctuate in early life and cobalamin status declines between 4 and 6 mo. Thus, extrapolation
of adequate intake to other age groups is not straightforward.
What are the short- and long-term consequences (e.g., anemia, growth, weight gain) of marginally inadequate co-
balamin intake in the first year of life? Which intake levels are associated with normal biomarkers and low disease
risks? Should the adequate intake recommendations be adjusted to ensure covering the requirements for vulnerable
populations who are born with low cobalamin stores?
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(gross motor and speech-language) than their omnivorous
counterparts (81). Differences in cognitive abilities such as fluid
intelligence test scores measuring reasoning, problem solving,
learning, and abstract thinking were associated with ele-
vated MMA in adolescents who were formerly children
who consumed a macrobiotic diet (87).

Prevention and Treatment of Cobalamin
Deficiency in Children
Cobalamin supplementation during pregnancy and lacta-
tion can prevent maternal depletion and deficiency in infants
(3, 64). For example, cyanocobalamin supplementation
(250 mg/d) during pregnancy corrected biochemical signs
of cobalamin deficiency and increased breast milk concentra-
tions in women from Bangladesh, reflecting increased cobal-
amin status in infants at birth and thereafter (88).

Formula milk is enriched in cyanocobalamin, which pre-
vents depletion after birth; however, the amounts of cobalamin
added to the milk are not based on strong scientific evidence.
Furthermore, the effect of using such formula milk on clinical
endpoints is unknown and may be confounded by critical dif-
ferences in other components in the milk.

The treatment of clinically manifested deficiency in chil-
dren is empirical and influenced by the causes and severity
of the manifestations. Treatment may extend from a few
months up to 2 y. In 6- to 12-mo-old infants with cobalamin
deficiency caused by nutritional factors (e.g., vegan mother),
cobalamin injections can be initiated as a first treatment step
(1 mg intramuscularly, any cobalamin form). Injections of-
ten were continued up to several years, depending on the
clinical response (89). Switching to oral cobalamin after sev-
eral injections is common practice. The improvement of
symptoms varies. Hematological signs (e.g., megaloblastic
red blood cells) improve within 1 wk of treatment initiation.
Recovery from anemia is faster when treatment with folic
acid and iron supplements also includes cobalamin. Muscle
hypotonia, communication signs, apathy, vomiting, and ir-
ritation improve within a few days. Some neurological dam-
age may persist for a longer time.

Clinical trials assessing the effect of cobalamin on child
neurodevelopment are scarce. In Norwegian infants <8 mo
old with mildly elevated plasma tHcy (>6.5 mmol/L), a single
intramuscular cobalamin injection of 400 mg hydroxycobala-
min improved motor function and regurgitations and en-
hanced cobalamin status markers (90).

Intervention studies in subtle cobalamin deficiency have
been conducted in infants, preschool-age children, or school-
age children from low-income settings through the use of di-
etary modifications or low doses of cobalamin (close to the
RDA) alone or in combinationwith other micronutrients. Re-
covery from anemia or other health outcomes (e.g., weight
and stunting) have been reported. In school-age children
from rural Kenya, serum cobalamin increased with increasing
intake of either milk or meat in 1 school meal/d for 1 school
year compared with the control group (72); however, no ef-
fects were observed in blood hemoglobin, ferritin, or iron.
This lack of effect was explained by the high prevalence of

infections and the unchanged low status of several nutrients
such as retinol, iron, zinc, riboflavin, and folate. Similarly,
providing a snack containing ;9 mg cobalamin/d for 3 mo
to Colombian schoolchildren led to improved cobalamin sta-
tus as well as increased height-for-age z scores and fewer sick
days and doctor visits (91). Indian children aged 6–30 mo
treated with cyanocobalamin (0.9 mg/d for infants #1 y of
age and 1.8 mg/d for those >1 y), folic acid (75 or 150
mg/d), or a combination of those vitamins for 6 mo showed
an increase in cobalamin status markers and a reduction in the
risk of low neurodevelopmental Ages & Stages Questionnaire-3
scores in children whose growth is stunted (71). Indian chil-
dren who are stunted, wasted, or underweight showed in-
creases in weight-for-age and height-for-age z scores after
supplementation with cobalamin or cobalamin plus folic acid
(92). In a recent study of 5-y-old Nepalese infants, cobalamin
status markers (MMA, tHcy, cobalamin, or their combina-
tions) that were measured at the age of 2–12 mo showed pos-
itive associations with several domains of social perception and
visuospatial processing scores, suggesting that cobalamin defi-
ciency is one potential cause of adverse developmental outcomes
in this population (93).

Summary and Future Directions
Cobalamin deficiency during pregnancy, lactation, and early
life is a public health problem in populations with low intake of
animal products such as vegetarians and vegans. Intake recom-
mendations for pregnant and lactating women and infants
need to be revised in line with recent developments, with special
attention paid to women who begin pregnancy with depleted
stores of cobalamin. Moreover, a balanced cobalamin-folate in-
take during pregnancy is necessary for the prevention of poor
health outcomes. Cobalamin deficiency during pregnancy can
be detected optimally bymeasuring holoTC as a first-linemarker,
followed by MMAwhen necessary. Total plasma cobalamin de-
clines as a result of physiological factors during pregnancy. Cobal-
amin is important for fetal growth and development. Children
with cobalamin deficiency showed improvement in physical
and cognitive outcomes after cobalamin supplementation.
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