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Homocysteine and methylmalonic acid in diagnosis and risk
assessment from infancy to adolescence1–3

Anne Lise Bjørke Monsen and Per Magne Ueland

ABSTRACT
The concentration of total homocysteine (tHcy) in serum and
plasma is elevated in both folate and cobalamin deficiencies,
whereas methylmalonic acid (MMA) in serum, plasma, or urine
is a specific marker of cobalamin function. The combined meas-
urement of both metabolites is useful for the diagnosis and fol-
low-up of these deficiency states. In addition, tHcy is elevated
under various pathologic states (eg, renal failure), and hyper-
homocysteinemia is associated with an increased risk of car-
diovascular disease, cognitive dysfunction, and adverse preg-
nancy outcomes. The diagnostic utility of tHcy and MMA
concentrations as markers of folate and cobalamin deficiencies
in healthy and diseased children has been documented. This
article briefly summarizes the biochemical background of tHcy
and MMA and the associations of tHcy and MMA with various
disease states and focuses on novel data obtained in infants,
children, and adolescents, with emphasis on cobalamin status
in infants. The utility of tHcy and MMA as indicators of cobal-
amin and folate deficiencies in adults can be extended to infants
and older children. Furthermore, as in adults, tHcy is related to
unhealthy lifestyle factors and is a risk factor for vascular dis-
ease. High MMA concentrations in newborns, occasionally
denoted as benign methylmalonic aciduria, may reflect impaired
cobalamin function. Am J Clin Nutr 2003;78:7–21.
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INTRODUCTION

In adults, total homocysteine (tHcy) and methylmalonic acid
(MMA) in serum or plasma are sensitive markers of cobalamin
status and are used for the diagnosis and follow-up of cobalamin
deficiency (1–3). tHcy is also elevated in folate deficiency and is
used as an indicator of this deficiency state (2, 4).

MMA is a sensitive but specific marker of cobalamin function,
because—apart from cobalamin deficiency—renal impairment
and rare inborn errors affecting methylmalonate-CoA mutase
activity are the only known conditions causing markedly elevated
concentrations of MMA (5). In contrast, tHcy is elevated in both
folate and cobalamin deficiencies and also in pathologic states
such as renal failure, thyroid dysfunction, heart transplantation,
and the acute phase after a cardiovascular event (6). In addition,
the tHcy concentration is influenced by a diversity of genetic and
acquired factors and by interactions between such factors (6). The
most prevalent genetic cause of hyperhomocysteinemia is the
677C→� polymorphism of the methylenetetrahydrofolate reduc-
tase (MTHFR) gene, which predisposes to hyperhomocysteinemia
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under conditions of impaired folate status. Several drugs may
influence the tHcy concentration by acting as vitamin antagonists
(7). Of the physiologic and lifestyle determinants, increasing age,
male sex, poor nutrition with low vitamin intake, smoking, and
heavy coffee consumption cause high tHcy concentrations,
whereas young age, premenopausal state, pregnancy, B vitamin
intake, and exercise are associated with low tHcy concentrations
(6). Thus, tHcy shows a remarkable association with numerous
physiologic and lifestyle factors, which often parallel their nega-
tive effect on health.

Whereas MMA is regarded as a sole marker of cobalamin defi-
ciency, there is an increasing body of evidence that a high tHcy
concentration may itself be hazardous by predisposing to occlu-
sive vascular disease, cognitive dysfunction, adverse pregnancy
outcomes, and malformations (8–11). Therefore, strategies to
reduce modifiable factors predisposing to hyperhomocysteinemia
may have a health-promoting effect.

Most data on the diagnostic utility of tHcy and MMA and the
health effects of hyperhomocysteinemia are based on clinical and
epidemiologic studies in adult, middle-aged, and elderly popula-
tions (9). However, in past years, several studies on the clinical
utility of tHcy and MMA measurements in newborns and children
have been published. These studies are largely motivated by the
recognized importance of cobalamin and folate status for growth
and development and by the growing evidence that cobalamin
deficiency in infancy and childhood may cause irreversible neu-
rologic damage (12–15). Furthermore, it is conceivable that ele-
vated homocysteine (Hcy) in blood and tissues is associated with
organ dysfunction in infants that may lead to disease later in life.

This article reviews pediatric literature on the normal concen-
trations and determinants of tHcy, the diagnostic utility of tHcy
and MMA, and the possible pathogenic and predictive role of
hyperhomocysteinemia in relation to disease. The role of tHcy and
MMA as markers of the inborn errors of Hcy (16) or cobalamin
metabolism (17, 18) and methylmalonic acidurias (19) will only
briefly be mentioned, because these topics were comprehensively
reviewed elsewhere.
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FIGURE 1. Homocysteine (Hcy) formation, remethylation, and transsulfuration and the enzymes and B vitamins involved in these processes. Hcy is
formed from S-adenosylhomocysteine (AdoHcy). Remethylation to methionine (Met), in most tissues, is catalyzed by the ubiquitous methionine synthase
(MS), which requires cobalamin (B-12) as cofactor and 5-methyltetrahydrofolate (CH3THF) as substrate. CH3THF is formed by the action of the flavin
adenine dinucleotide–dependent enzyme methylenetetrahydrofolate reductase (MTHFR), which thus resides at a critical metabolic locus directing the
folate pool to Hcy remethylation at the expense of folate used for DNA and RNA biosynthesis.

Ado, adenosine; AdoMet, S-adenosylmethionine; BHMT, betaine homocysteine methyltransferase; CBS, cystathionine �–synthase; CH2THF, 5,10-
methylenetetrahydrofolate; CH3DNA, methylated DNA; CHOTHF, formyltetrahydrofolate; CHTHF, methenyltetrahydrofolate; CL, cystathionine lyase; Cys,
cysteine; DHF, dihydrofolate; DHFR, dihydrofolate reductase; dTMP, deoxythymidine monophosphate; dUMP, deoxyuridine monophosphate; MT, methyl-
transferase; R, methyl acceptor; SAHH, S-adenosylhomocysteine hydrolase; THF, tetrahydrofolate; TS, thymidylate synthase. Modified from reference 7.

BASIC AND CLINICAL BIOCHEMISTRY

Homocysteine

Hcy is formed from methionine during S-adenosylmethionine–
dependent methylation reactions (Figure 1). Its further metabo-
lism is dependent on several B vitamins. Hcy may be salvaged to
methionine, and this reaction is catalyzed in most tissues by the
ubiquitous enzyme methionine synthase (5-methyltetrahydrofolate
homocysteine methyltransferase; EC 2.1.1.13), which requires
5-methyltetrahydrofolate as cosubstrate and cobalamin as
cofactor (Figure 2). Alternatively, during methionine excess,
superfluous Hcy is directed into the transsulfuration pathway,
which converts Hcy to cysteine, catalyzed by 2 sequential vitamin
B-6–dependent reactions. The cystathionine �–synthase reaction is
the rate-limiting step in this sequence (20). These biochemical
pathways are depicted in Figure 1.

Folate or cobalamin deficiency impairs remethylation of Hcy,
which is exported into the extracellular compartment, including
plasma (21, 22). This explains why fasting tHcy becomes a sensi-
tive marker of intracellular folate or cobalamin status (1). The
tHcy response obtained post methionine load (PML tHcy) is also
influenced by folate status (23), but vitamin B-6 status is a major
determinant of PML tHcy (23–25). The latter variable is used

mostly for research purposes (25) and is particularly impractical
in infants.

Blood sampling and processing are important in obtaining reli-
able tHcy values (4). The release of Hcy from the blood cells is time-
and temperature-dependent, which in adults causes an increase in
serum or plasma tHcy by �10%/h at room temperature. Therefore,
it is recommended that blood samples are put on ice before cen-
trifugation or that the plasma or serum fraction is separated from the
blood cells within 30 min (4). Alternative strategies to avoid the arti-
ficial increase in tHcy have been reported, including blood sampling
into acidic citrate (26), sodium fluoride (27), or 3-deazaadenosine
(28). Plasma tHcy in placental and neonatal blood samples was
recently shown to be stable for 24 h at 4 �C in acidic citrate (29).

Prevention of an artificial increase in plasma tHcy is paramount
in research settings that establish reference values or investigate
associations between tHcy and disease. The release of Hcy from
blood cells has a minor influence on the high tHcy concentrations
observed in inborn errors of Hcy metabolism (16) or cobalamin
deficiency (18).

In serum or plasma, Hcy exists in several interchangeable
forms, among which protein-bound Hcy is the predominant
species, followed by low-molecular-weight mixed disulfides,
whereas only trace amount of the reduced thiol has been detected.
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FIGURE 2. The role of the cobalamin-dependent enzyme methionine synthase (MS) in the remethylation of homocysteine to methionine. Methyl-Cbl,
methylcobalamin.

FIGURE 3. Distribution of the different forms of homocysteine in normal human plasma. Modified from reference 31.

These Hcy forms are collectively measured as tHcy after quantitative
reduction (30). The quantitative relation between different Hcy
species in normal plasma and recommended nomenclature (31)
are summarized in Figure 3.

A plethora of methods for tHcy has been published (4, 32). A
key feature in the pediatric setting is the volume requirement,
which should be < 100 �L. Assay specifications and perform-
ance of various assays are compared in review articles (4, 32).

Methylmalonic acid

MMA in serum, plasma, and urine is derived from the hydrol-
ysis of D-methylmalonyl-CoA (MMA-CoA), which is a metabolic
intermediate in the conversion of propionic acid to succinic acid
(1). This hydrolytic reaction is catalyzed by D-methylmalonyl-CoA
hydrolase (EC 3.1.2.17). The conversion to succinyl-CoA is an

alternative metabolic route of MMA-CoA, catalyzed by the
sequential actions of D,L-methylmalonyl-CoA racemase (EC
5.1.99.1) and L-methylmalonyl-CoA mutase (EC 5.4.99.2). The
latter enzyme requires adenosylcobalamin as cofactor (Figure 4).
Thus, impaired cobalamin function causes an increased concen-
tration of extracellular MMA (33), which thereby becomes a sen-
sitive and specific marker of cobalamin status (1).

The development of specific assays for MMA in urine, serum,
or plasma has made MMA available for the diagnosis of cobal-
amin deficiency and its differentiation from folate deficiency. In
adults, serum and urinary MMA concentrations > 0.4 �mol/L (1)
and 3.2 mmol/mol creatinine (34), respectively, are early indica-
tors of cobalamin deficiency. In infants, a cutoff for MMA excre-
tion of 20–23 mmol/mol creatinine is recommended for indicating
cobalamin deficiency (35, 36), which is a higher cutoff than used
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FIGURE 4. The role of the cobalamin-dependent enzyme L-methylmalonyl-CoA mutase in the metabolism of methylmalonic acid. Adenosyl-Cbl,
adenosylcobalamin; MCH, D-methylmalonyl-CoA hydrolase; MCM, L-methylmalonyl-CoA mutase; MCR, D,L-methylmalonyl-CoA racemase.

for adults and older children. In addition, the mean (± SD) plasma
MMA concentration in newborns (0.36 ± 0.26 �mol/L) (37) is
higher than that measured in adults. The measurement of MMA
has been advocated when serum or plasma samples are required
for the determination of complementary variables such as cobal-
amin and tHcy (34). However, serum MMA is not a specific
marker of cobalamin status because the concentration is elevated
in renal failure (38), in thyroid disease, in small-bowel bacterial
overgrowth, and in conditions of hemoconcentration (39). If serum
MMA is not falsely high, there is a high correlation with urinary
MMA (r = 0.98) (40). Urinary MMA, however, is normalized to
creatinine concentrations and thereby corrected for renal insuffi-
ciency and dehydration. Furthermore, the measurement of urinary
MMA is noninvasive and requires only a random urine specimen,
which may be advantageous in the routine pediatric setting (39).

There is one preliminary report suggesting that MMA excre-
tion into urine increases in infants (aged 5 d to 16 mo) during peri-
ods with apnea (36). Elevated MMA excretion in these infants
may be related to inhibition of MMA-CoA catabolism under con-
ditions of tissue hypoxia and respiratory acidosis (36).

No special precautions are required for blood sampling and
storage of MMA, which is stable in blood, serum, and plasma at
room temperature. MMA is measured with laborious chromato-
graphic techniques (34, 41–46), which require expensive equip-
ment and trained personnel.

PHYSIOLOGIC, GENETIC, AND LIFESTYLE
DETERMINANTS OF HOMOCYSTEINE

tHcy concentrations in children from birth to adolescence have
been published, and most tHcy determinants established in adults
(6) have been investigated in children.

Physiologic and genetic factors

The mean tHcy concentration is �4–8 �mol/L in children aged
< 15 y, which is �60% of the values detected in adults (47–50).
tHcy increases as a function of age (50, 51). Some (52–54) but not
all (49, 50, 55–58) studies have shown a slightly higher tHcy con-
centration in boys than in girls, and this sex effect is enhanced dur-
ing and after puberty (> 15 y) (56, 59) (Table 1). Conceivably,

inconsistency regarding a sex effect could be related to differences
in vitamin and nutritional status and ethnicity between the study
populations. The small sex effect might become more apparent in
large B vitamin–replete populations (52, 53).

As in adults, a higher tHcy concentration in boys than in girls,
but also the age effect, could be explained by increases in muscle
mass according to age and male sex. This contention is supported
by a positive relation between tHcy and creatinine in healthy chil-
dren without renal dysfunction (49, 58).

tHcy concentrations vary according to ethnicity and are higher
in black than in white (67) or Hispanic (52) children. Notably, the
effect of the MTHFR 677C→T polymorphism on tHcy and folate
status reported in adults, characterized by a 25% higher tHcy and
lower serum folate concentration in homozygous TT than in CC
subjects (7), was shown in 92 children with familial hypercholes-
terolemia aged 6–11 y (71), in 64 healthy children aged ≥ 10 y,
but not in 63 younger children (51). Likewise, there are consistent
reports of no effects from the MTHFR 677C→� and 1298A→C
polymorphisms on plasma tHcy in newborns (61, 64).

B vitamin status according to age

The effects of B vitamins on plasma tHcy in children are simi-
lar to those previously shown in adults. In children aged ≥ 24 mo,
plasma tHcy correlated strongly with serum folate and less so with
serum cobalamin (49, 51, 52, 56, 59); of the B vitamins, vitamin
B-6 had the weakest effect (50, 52) or no effect (72). Accordingly,
tHcy was lower in multivitamin users than in nonusers (52). As in
adults, smoking was associated with elevated tHcy (50, 52, 56),
which may partly be attributable to impaired vitamin status (52)
and poor nutrition (73) in smokers.

The associations between tHcy and B vitamin concentrations are
different in newborns and infants as compared with children aged
> 1 y (Table 1). In the first year of life, plasma tHcy shows a remark-
able strong correlation with serum cobalamin (29, 37, 60, 61),
whereas the relation to circulating folate is weaker (29, 60) or absent
(37, 61). Furthermore, there are consistent reports of mean tHcy con-
centrations in newborns and infants of 6–9 �mol/L (29, 37, 60, 61),
which is higher than the concentrations of 5–6 �mol/L (50, 51, 56,
57, 68) often seen in children 1–10 y of age. tHcy concentrations
according to age and B vitamin status are summarized in Table 1.
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tHcy concentrations in the umbilical artery are lower than but
strongly related to maternal tHcy concentrations (r = 0.70) (74),
but are also related to maternal folate and cobalamin status (29,
61, 75) and vitamin intake and smoking (64). This probably
reflects the metabolite flux between the maternal and fetal circu-
lation and implies that a strategy for lowering fetal Hcy is a reduc-
tion in maternal tHcy concentrations (61).

Taken together, the combination of a moderately elevated tHcy
concentration, which is strongly correlated with serum cobalamin
and maternal cobalamin status, and the documented high serum
or urinary concentrations of MMA (37, 76) suggest that available
cobalamin is insufficient to support optimal homocysteine
remethylation in a substantial number of newborns and infants.

Drugs including antifolate agents

As in adults (77), tHcy concentrations in children respond to
treatment with a high dose of the antifolate agent methotrexate. In
children with acute lymphoblastic leukemia treated with doses of
1–33.6 g methotrexate, tHcy increased �2-fold 24–36 h after the
start of the infusion and returned to pretreatment concentrations
24–36 h after rescue therapy with 5-formyltetrahydrofolate (leu-
covorin) (47, 78). Thus, tHcy may be a useful measure of folate sta-
tus during methotrexate therapy. Furthermore, the elevation in tHcy
may possibly forecast side effects of methotrexate, particularly neu-
rotoxicity in children. This possibility is based on the reported accu-
mulation in cerebrospinal fluid of large concentrations of the exci-
tatory amino acid, homocysteic acid, in children treated with
methotrexate (79). The potential use of tHcy measurements to tai-
lor or monitor methotrexate therapy has not been fully explored.

The cholesterol-lowering drug cholestyramine increased tHcy
concentrations in 8-y-old children (71). Treatment of children aged
14–18 y for 1 y with the anticonvulsant drugs carbamazepine or
valproate increased both fasting and PML tHcy almost 2-fold (80).
The fasting tHcy concentration increased as the duration of carba-
mazepine treatment increased (81). For all of these drugs, the ele-
vation in tHcy concentration was associated with a reduction in
folate, vitamin B-6, or both (71, 80, 81) and was more pronounced
in children with the MTHFR T allele (71, 81). Thus, tHcy seems to
be a responsive measure of impaired folate status in children
treated with anticonvulsants and possibly other drugs, as previously
documented in adults (6). The MTHFR T allele predisposes to
drug-induced hyperhomocysteinemia.

Body weight, obesity, and weight reduction

tHcy in children is positively associated with sugar intake (49).
In obese children, tHcy is strongly related to indexes of obesity,
such as body mass index or fat mass, and to hyperinsulinism; the
expected inverse relation between tHcy and serum folate was also
shown (82). These observations point to at least 2 mechanisms
leading to high tHcy concentrations in obese children. First, one
may question the prudence of the diet, particularly the folate
intake, in obese children. Second, the relation to hyperinsulinism
(82) may reflect relative insulin resistance, because insulin by
itself seems to lower rather to increase tHcy concentrations, at
least in adults (6). Other factors linked to overweight, such as an
elevated diastolic blood pressure and cholesterol concentration,
do not correlate with tHcy in children (50, 52, 82), a finding that
contrasts with observations made in adults (83).

tHcy concentrations increased rather than decreased in obese
children participating in a weight-reduction program (84).
Likewise, an increase in tHcy concentrations during weight loss

was also observed in adults (85, 86). The tHcy concentration after
weight reduction and the tHcy increment were positively related
to lean body mass in addition to serum folate. Thus, an increase
in tHcy concentrations may be secondary to the release of
methionine during protein breakdown (84), but low folate intakes
may also contribute.

High tHcy concentrations may contribute to the increased risk
of cardiovascular disease later in life imposed by childhood obe-
sity (87), and the tHcy increment during weight reduction may
offset the health benefit. Therefore, folate supplementation to
lower tHcy concentrations should be considered during weight
reduction in obese children (84).

HOMOCYSTEINE IN DISEASES OTHER THAN
VITAMIN DEFICIENCIES

Cardiovascular disease

Episodes of cardiovascular disease in children are rare, �2/100000
persons annually. In �30% of the cases, no causative factor or
underlying disease was identified (88). A few reports published
during the past 5 y suggest that an elevated tHcy concentration is
a risk factor of vascular disease and stroke in children.

Elevated plasma tHcy in children or young adults is associated
with premature (< 55 y of age) cardiovascular disease in male
relatives (49) or parents (68, 89) and was detected in children with
parents or grandparents with occlusive artery disease (90, 91). In
children with familial hypercholesterolemia, tHcy was signifi-
cantly higher in those with than in those without parental cardio-
vascular disease (59, 92). These observations indicate that the
familial risk of cardiovascular disease is partly explained by ele-
vated tHcy concentrations or may reflect an environmental effect
on both cardiovascular disease risk and tHcy concentration. Fur-
thermore, in hypercholesterolemic children with a familial burden
of cardiovascular disease, further risk enhancement is of particu-
lar concern, and a reduction in tHcy concentrations by vitamin
supplementation should be considered.

tHcy has been associated with stroke (69, 93–95) and also with
venous thrombosis (96) in newborns and children. Because of the
low incidence of these events, the study populations are small (�400
cases have been studied to date), but the relations in most studies are
remarkably strong, corresponding to odds ratios > 4 (69, 94, 96). In
one study of 118 children, the tHcy concentration was not related to
cerebrovascular disease or stroke, but children with the homozygous
MTHFR TT genotype had elevated tHcy concentrations and a signi-
ficantly enhanced risk of a primary and recurrent episode (97). Like-
wise, 2 studies including > 140 cases each showed that the TT and CT
genotypes are associated with an increased risk of stroke (93) or
venous thrombosis (96), whereas smaller studies (74, 98–101) pro-
vided inconsistent results. Thus, the published data suggest that the
tHcy concentration is a strong risk factor for occlusive vascular dis-
ease in children. A possible significant relation between the MTHFR
677C→� polymorphism and cardiovascular disease risk in children
as opposed to adults (102) requires substantiation.

Renal disease

Hyperhomocysteinemia is common in adult renal transplant
recipients, in patients with chronic renal failure, and occurs almost
uniformly in patients with end-stage renal failure. The tHcy con-
centration can be reduced but is usually not normalized by high
doses of folic acid. This may be clinically important because tHcy
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TABLE 1
Total homocysteine (tHcy) in plasma or serum of healthy children according to sex, age, and B vitamin status1

Relation to B vitamin status2

Reference and year Sex Age No. of subjects tHcy Folate3 Cobalamin Comments

µmol/L

Infants aged < 1 y
Minet et al, 2000 (60) M + F 5 (1–28) d4 123 7.8 ± 3.15 rp = �0.306 rp = �0.647

M + F 12 (4–20) wk 30 10.4 ± 3.45 Breastfed
30 7.0 ± 1.75 Formula-fed

Bjorke-Monsen et al, 2001 (37) M + F 4 d 173 6.2 (5.0–7.5)4 rs = �0.06 rs = �0.52 Increase with age
6 wk 45 7.4 (6.5–8.9)4 rs = �0.04 rs = �0.42

Guerra-Shinohar et al, 2002 (29) M + F 0 d 69 6.6 ± 2.85 rs = �0.24 rs = �0.53
Molloy et al, 2002 (61) M + F 0 d 201 7.9 ± 2.95 rs = �0.22 rs = �0.29
Bartesaghi et al, 2001 (62) M + F 4 d 1400 4.9 ± 2.75

Fokkema et al, 2002 (63) M + F 40 d 53 7.4 ± 1.65 Formula-fed
40 d 15 9.1 ± 2.45 Breastfed

Infante-Rivard et al, 2002 (64) M + F 0 d 438 5.1 (4.9–5.2)8

Children aged > 1 y
Tonstad et al, 1996 (49) M + F 8–12 y 678 5.3 ± 1.25 rs = �0.34 rs = �0.16 No sex difference;

B vitamin 
relation (n = 134)

Tonstad et al, 1997 (59)9 M + F 7–17 y 155 6.3 (3.3–33)10 rs = �0.4 rs = �0.3 No sex difference;
increase with age

De Laet et al, 1999 (56) M + F 5–9 y 178 6.2 (5.1–7.5)11 rp = �0.42 rp = �0.28
M + F 10–14 y 229 7.1 (5.7–8.8)11 rp = �0.19 rp = �0.19

M 15–19 y 87 9.8 (6.7–14.3)11 rp = �0.40 rp = �0.22 Sex difference
F 148 8.3 (6.3–11.0)11

Osganian et al, 1999 (52) M 14.1 ± 0.5 y5 3524 5.5 ± 1.95 rs = �0.36 rs = �0.21 Sex difference
F 5.1 ± 1.85

van Dusseldorp et al, 1999 (14) M 9–15 y 39 7.0 (4.2–11.7)12 rs = �0.45 rs = �0.39
F 55 7.2 (3.8–13.7)12

Delvin et al, 2000 (51) M + F 2–19 y 127 5.8 (2.6–24.3)4 rs = �0.52 rs = �0.44 No sex difference
Merouani et al, 2001 (65) M + F 11.5 ± 4.8 y5 57 6.8 (3.1–24.3)4 rp = �0.34 rp = �0.12 Increase with age
Rauh et al, 2001 (58) M 6�17 y 120 5.7 ± 1.75 rs = �0.18 rs = �0.21 No sex difference

F 137 5.5 ± 1.65

Wiltshire et al, 2001 (66) M + F 13.4 ± 2.5 y5 59 5.9 (5.5–6.4)13 rp = �0.32 rp = �0.3 Increase with age
Bates et al, 2002 (50) M + F 4�18 y 922 rp = �0.52 rp = �0.47 No sex difference

M 4–6 y 50 5.2 (2.7–9.5)14 rp = �0.55 rp = �0.45
7–10 y 128 5.6 (3.1–9.5)14 rp = �0.36 rp = �0.48
11–14 y 157 6.2 (2.9–11.5)14 rp = �0.55 rp = �0.50
15–18 y 140 8.5 (4.1–20.1)14 rp = �0.56 rp = �0.47

F 4–6 y 62 4.8 (2.2–8.1)14 rp = �0.54 rp = �0.55
7–10 y 108 5.7 (2.7–10.6)14 rp = �0.66 rp = �0.30
11–14 y 138 6.4 (3.5–11.8)14 rp = �0.41 rp = �0.49
15–18 y 142 7.8 (3.9–14.3)14 rp = �0.56 rp = �0.55

Ubbink et al, 1996 (67) M + F 7–15 y 127 5.1 ± 0.95 Whites
7–15 y 306 5.8 ± 1.85 Blacks

Reddy, 1997 (55) M 0.1–18 y 60 8.5 ± 2.85 No sex or age 
F 60 9.3 ± 2.95 difference

Vilaseca et al, 1997 (57) M + F 0.16–10 y 105 5.8 (3.3–8.3)4 No sex difference
11–15 y 59 6.6 (4.7–10.3)4 Increase with age
16–18 y 31 8.1 (4.7–11.3)4

Greenlund et al, 1999 (68) M + F 5–17 y 1137 6.1 ± 2.45 No sex or race 
5–8 y 343 6.1 ± 2.65 difference; 
9–11 y 285 5.7 ± 2.05 increase with age
12-14 y 305 6.0 ± 2.05

15–17 y 204 6.9 ± 2.95

Jacques et al, 1999 (53) M 12–15 y 347 6.6 (5.5–8.0)15 Sex, age, and race
16–19 y 295 8.3 (6.6–9.7)15 difference

F 12–15 y 415 6.0 (4.9–7.4)15

16–19 y 345 6.7 (5.5–8.1)15

van Beynum et al, 1999 (69) M + F 8.6 (0–19.3) y4 234 9.1 (4.3–20.0)4 Increase with age
Rogers et al, 2002 (70) M + F 8–12 y 371 8.8 ± 1.95 Adequate 

cobalamin status
(Continued)
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TABLE 1 (Continued)

1 Summary of publications with data from > 100 subjects and publications with data from > 50 subjects but also providing correlations with concentra-
tions of folate and cobalamin.

2 rp, Pearson correlation coefficient; rs, Spearman correlation coefficient.
3 Serum folate unless otherwise stated.
4 Median; range in parentheses.
5 x– ± SD.
6 Erythrocyte folate.
7 Serum cobalmin was log transformed.
8 x–; 95% CI in parentheses.
9 Familial hypercholesterolemia.
10 x–; range in parentheses.
11 Geometric x– ± 1 SD.
12 Geometric x– ± 1.96 SD.
13 Geometric x–; 95% CI in parentheses.
14 Geometric x–; 95% range in parentheses.
15 Median; 25th–75th percentiles in parentheses.

concentrations predict both cardiovascular disease morbidity and
mortality in renal patients (103).

As in adults with renal disease, tHcy concentrations are
markedly elevated in pediatric patients with chronic renal failure,
including patients receiving hemo- or peritoneal dialysis, and in
pediatric renal transplant recipients (104, 105). The tHcy concen-
tration was closely related to measures of impaired renal function
(high serum creatinine or low glomerular filtration rate),
increased with age (104, 105), and was slightly higher in renal
patients with the MTHFR T allele than in those with the CC geno-
type (65, 106). In children with chronic renal failure who were not
routinely supplemented with folic acid, folate deficiency was com-
mon (�60%). The main determinants of hyperhomocysteinemia,
in addition to renal function, were folate and cobalamin status
(65). Hyperhomocysteinemia was responsive to high-dose folic
acid (104, 106–108). The additional tHcy-lowering effect result-
ing from high-dose cobalamin supplementation in adult renal
patients (109) has not been documented in children.

High-dose folic acid supplementation and the accompanying
reduction in tHcy concentrations is associated with improved flow-
mediated dilatation in children with chronic renal failure, which con-
trasts with the lack of such an effect in adult renal patients (110). This
finding suggests that folic acid therapy may decrease cardiovascular
disease morbidity and mortality in children with renal failure.

Diabetes

In adults with diabetes, tHcy concentrations are moderately ele-
vated in those with microangiopathy, and the observed hyperho-
mocysteinemia is assumed to result from the diabetic nephroscle-
rosis (111). Likewise, in children who have had type 1 diabetes
for > 10 y and who have diabetic complications, tHcy is moder-
ately elevated relative to concentrations in control subjects (112).

Insulin by itself actually reduces tHcy concentrations, and tHcy
is below normal in early diabetes, probably because of glomeru-
lar hyperfiltration (111). In diabetic children, vascular sequelae
and nephropathy may not have developed, and one may expect
normal or low tHcy concentrations in these patients. This is actu-
ally what is observed in children (and adolescents) with type 1
diabetes (66, 112–115). Both fasting and PML tHcy concentra-
tions are significantly lower and serum folate and cobalamin
concentrations moderately higher than in aged-matched control
subjects; however, B vitamin status may only partly account for
the low tHcy concentration (66).

Low tHcy concentrations in children with early type I diabetes
suggest that the diabetic angiopathy is not attributable to hyper-
homocysteinemia. However, endothelial dysfunction in such
patients, measured both as flow-mediated vasodilation and by
markers of endothelial activation, is closely related to the con-
centrations of circulating folate (116). This observation motivates
intervention trials to assess whether folate improves endothelial
function in children with diabetes.

Neural tube defects

Folate deficiency is an established risk factor for neural tube
defects (NTDs), and periconceptional folate supplementation
reduces the recurrence and occurrence of NTDs. This is consis-
tent with the observation of mildly elevated tHcy concentrations
in mothers of children with NTDs. The search for genetic defects
explaining impaired folate metabolism has mainly focused on
the MTHFR 677C→� polymorphism, and most studies have
shown that the TT genotype in mothers (but not fathers) and their
infants confers an increased risk of NTDs. Maternal folate sta-
tus and NTDs is the subject of several comprehensive review
articles (10, 117–119).

Assessment of Hcy and folate status in children with NTDs has
been carried out mainly to explore the possible involvement of
fetal folate metabolism in the development of NTDs. Some
(120–122), but not all (123, 124), studies have shown elevated
tHcy concentrations in children with NTDs. In one study, elevated
tHcy concentrations were confined to children with the MTHFR T
allele (120). One limitation of most studies on Hcy in children
with NTDs is the lack of data on kidney function, which is occa-
sionally compromised in these patients (125).

Down syndrome

Folate and Hcy status and related polymorphisms have been
considered as maternal risk factors for Down syndrome (126).
One study showed elevated tHcy concentrations and an increased
prevalence of the MTHFR T allele in mothers of children with
Down syndrome (127). This observation could not be confirmed
in other studies (128), including one from Italy (129). Further-
more, the prevalence of the T allele but not Down syndrome is
higher in Italy than in other European countries (129). However,
ethnicity, variations in folate status, and interaction with other
genetic polymorphisms related to folate and Hcy status may
explain the observed differences. An example is the 66A→G
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polymorphism of the methionine synthase reductase (MTRR)
gene. The GG MTRR variant alone or in combination with the
MTHFR TT/CT genotypes confers substantial risk enhancement
(128, 130). These preliminary findings should motivate larger
studies of the interactions between nutrition and genetics affect-
ing folate and homocysteine metabolism as risk factors for
Down syndrome.

Low fasting and PML tHcy concentrations in children with
Down syndrome were shown 15 y ago by Chadefaux et al (131)
and was attributed to the increased gene dosage and activity of
cystathionine �–synthase, which is located on chromosome 21.
Low fasting tHcy concentrations were recently confirmed in 42
patients with a mean age of 7.4 y, and the metabolic profile (low
methionine, S-adenosylhomocysteine, and S-adenosylmethionine
concentrations and elevated cystathionine and cysteine concen-
trations) detected in the patients with Down syndrome is in line
with increased Hcy degradation through the transsulfuration path-
way (132). It has been speculated whether increased Hcy degra-
dation explains the low frequency of atherosclerosis in patients
with Down syndrome (133). Furthermore, a low Hcy concentra-
tion may also decrease the methionine synthase reaction, which
in turn may trap 5-methyltetrahydrofolate and thereby impair
folate function. Some clinical features of patients with Down syn-
drome could be related to functional folate deficiency. These fea-
tures include enhanced methotrexate sensitivity (134), elevated
mean corpuscular volume, and gastrointestinal malabsorption (132).
Impaired folate function may explain deoxynucleotide-pool imbal-
ance and elevations in folate-sensitive fragile sites and DNA
strand breaks. These are lesions that may be related to the high
incidence of leukemia observed in patients with Down syndrome
(132). Conceivably, an impaired S-adenosylmethionine–dependent
transmethylation reaction may have a diversity of effects, includ-
ing dysfunction of the central nervous system.

FOLIC ACID FORTIFICATION
In the United States, fortification of grain products was issued

in March 1996, with an effective date of 1 January 1998 (135). An
investigation of a US population showed a reduction in tHcy con-
centrations and an elevation in serum folate in blood collected
after (September 1997 to March 1998) compared with before for-
tification (136). In Canada, folic acid fortification was fully
implemented in January 1998, and a mandatory program was
introduced in November 1998 (137). An increase in blood cell
folate in the period from mid-1997 to mid-1999 was reported
(137). No European country has enacted regulations concerning
folate fortification (135).

Conceivably, implementation of folic acid fortification in the
United States and Canada will probably affect the relation
between tHcy and its lifestyle determinants and disease risk, and
such relations may be different from those in Northern European
countries. However, only a few publications on plasma tHcy con-
centrations in children are based on US (52, 55, 68, 79, 132) or
Canadian (64, 65, 127, 130) populations. The sample collection
for the 2 large US population-based studies—the Bogalusa Heart
Study (68) and the CATCH study (52)—were completed in 1994,
and 2 US studies (55, 79) were published before 1998. One
recent US study reported low plasma tHcy concentrations and
associated metabolic changes in serum samples (collected after
fortification; J James, personal communication, 2002) from
patients with Down syndrome (132). This study extends and

essentially confirms the findings of the article on Down syn-
drome published by Chadefaux el al (131) in 1988. Canadian
studies of Down syndrome (127, 130) and renal patients (65)
were based on samples collected before fortification (J James,
A Merouani, personal communication, 2002). Notably, a recent
Canadian investigation of newborns showed lower mean tHcy
concentrations (5.06 �mol/L) than reported previously, and the
tHcy concentrations were independent of MTHFR genotype, fea-
tures attributable to fortification and supplementation with folic
acid (64). Except for that study, essentially all of the publica-
tions on tHcy concentrations in children quoted in this review
are based on samples taken before folic acid fortification was
implemented in the United States and Canada.

FOLATE DEFICIENCY

In countries that have not implemented the folic acid fortifica-
tion of flour, the main dietary sources of folate are fruit and veg-
etables (138). In the United Kingdom and other countries, break-
fast cereals and snack foods are fortified with a range of vitamins,
including folate, on a voluntary basis. These food items are popu-
lar among children and adolescents. Breakfast cereals are eaten by
a high portion of schoolchildren and contribute significantly to
their total folate intake (139).

There is a transfer of folate from the maternal to the fetal circu-
lation (18), and the folate concentration in the cord blood, erythro-
cytes, and plasma of newborns is 2–3 times higher than in the ery-
throcytes and plasma of their mothers (18, 37). Folate deficiency is
seldom detected in newborns (18); moderate deficiency is found in
< 10% of preschool children, but may be more common in school-
children (140). This finding agrees with the observation of low
dietary folate in a substantial portion of UK schoolchildren (139).
However, data on folate status in children are sparse, and only a few
studies have evaluated plasma tHcy as a folate indicator. The strong
relation (coefficients ranging from 0.2 to 0.6; Table 1) between
serum folate and tHcy in children aged 2–19 y indicates that tHcy
is a sensitive marker of folate status in this age group.

A few studies have investigated the usefulness of tHcy in
assessing folate status in children and adolescents assumed to be
at increased risk of negative folate balance. In 40 female ado-
lescents (aged 11–18 y) with anorexia nervosa, tHcy was mod-
erately elevated, normalized after nutritional rehabilitation, and
was weakly associated with serum folate but not with serum
cobalamin. Both folate and cobalamin were normal in these
patients, but serum creatinine was higher than in control subjects
(141). Elevated tHcy concentrations may reflect impaired folate
status in the anorectic patients, but the elevated creatinine con-
centrations point to the possibility of enhanced tHcy production
or a renal mechanism.

Of 69 HIV-infected children aged 1–15 y, serum cobalamin
concentrations were normal, but elevated tHcy or low serum
folate concentrations were detected in about one-half of the
patients. tHcy was strongly correlated with serum folate (Spear-
man’s r = �0.60) but not with serum cobalamin, which indicates
that hyperhomocysteinemia reflects impaired folate status in
these patients (142).

The occurrence of subclinical folate deficiency and the justification
of routine folic acid supplementation in children with sickle cell dis-
ease (SCD) have been debated (143) and have been addressed by
measuring plasma tHcy concentrations in these patients. Such stud-
ies have also been motivated by the finding of higher median tHcy in
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young SCD patients with than without an episode of stroke (144). A
study of children with SCD from the Netherlands Antilles showed
that these patients had hyperhomocysteinemia, which was respon-
sive to folic acid but not to vitamin B-6 and cobalamin (145). These
findings were not supported by an investigation of SCD patients from
the United States who were not supplemented with folic acid, but
who had normal tHcy concentrations (146). Another study of SCD
patients from the United States, of whom only 30% were supple-
mented with folic acid, found elevated fasting tHcy concentrations
only in patients older than 10 y, elevated PML tHcy irrespectively of
age, and normal circulating folate concentrations (147). Taken
together, these findings indicate that children with SCD have a greater
B vitamin requirement than do children without SCD and should moti-
vate further studies of plasma tHcy as a measure of B vitamin status in
children with SCD.

COBALAMIN DEFICIENCY

Occurrence and children at risk

Cobalamin deficiency typically occurs in middle-aged and
elderly persons (148) and is considered to be rare in infants. In
infancy, cobalamin deficiency is usually secondary to maternal
deficiency. Cobalamin deficiency in childbearing or breast-
feeding women may be due to malabsorption (including gas-
tric surgery and short-gut syndrome) or unrecognized early
pernicious anemia, but the most common cause is vegetarian-
ism (149). Most of the infants found to be cobalamin deficient
were breastfed or born to mothers adhering to a strict vegetar-
ian diet. Under these conditions, there is probably insufficient
cobalamin transfer across the placenta, which leads to low
cobalamin stores in newborns (150). The inadequate cobalamin
status in newborns is further deteriorated by insufficient cobal-
amin in the breast milk, the cobalamin content of which is
closely correlated with low serum cobalamin in vegetarian
mothers (151). These infants may develop deficiency symp-
toms as early as 4–6 mo after birth (150).

Lower cobalamin and folate concentrations in low-birth-weight
infants than in normal-birth-weight infants was shown 25 y ago
(152). Cobalamin supplementation was found to reduce the sever-
ity of anemia in premature infants (153).

In developing countries such as India, Mexico, and
Guatemala, a high prevalence of cobalamin deficiency in preg-
nant and breastfeeding women and their babies has consistently
been shown. Folate deficiency is less frequent. Common causes
of cobalamin deficiency are a poor diet low in animal products
and intestinal parasite infection, eg, Giardia lamblia infection
(18, 150, 154, 155). A high prevalence of cobalamin deficiency
has also been found in older children. Studies in Mexico (155),
Venezuela (156), and Kenya (157) show low plasma cobalamin
in 33–52% of the children.

Animal foods—including meat, milk, and poultry—are the
main sources of dietary cobalamin (158). Breakfast cereals and
snack foods have been fortified with micronutrients, including
cobalamin, for many years, and cereals contribute significantly
to daily cobalamin intakes in UK schoolchildren (139). The
view prevails that cobalamin deficiency is rare in children and
adolescents consuming a typical Western diet. Data from the
third National Health and Nutrition Examination Survey
(1988–1994) show that > 95% of children in the United States
consume more than the daily cobalamin requirement of

0.4–2.4 �g (159), and the frequency of children with serum
cobalamin < 200 pg/mL was < 1% at that time (160). However,
the pediatric reference ranges for cobalamin are poorly defined
(161), and for newborns the concentrations decrease during the
first 6–8 wk (37, 162–164), which complicates the assessment of
cobalamin status from serum cobalamin.

In Western countries, dietary guidelines to reduce cholesterol
concentrations in children may decrease cobalamin intake (165),
and assessment of cobalamin status in children consuming a low-
cholesterol diet is mandatory (18). Furthermore, the fortification
of grain-cereal products with folic acid was put into effect in the
United States in 1998 (136). A high folic acid intake in children
may possibly delay the diagnosis or accelerate the development
of neuropsychiatric complications of cobalamin deficiency, as has
been the concern in adults (166).

Inborn errors of cobalamin absorption and transport

Rare forms of hereditary cobalamin deficiency are related to
various defects of cobalamin absorption or cellular uptake, includ-
ing low or no secretion of intrinsic factor (MIM 261000), low or
no synthesis of functional transcobalamin II (MIM 275350), or
impaired uptake of the intrinsic factor–cobalamin complex by the
intestinal epithelium (MIM 2611000, Imerslund-Gräsbeck dis-
ease) (167). These inborn errors present with typical symptoms
and signs of cobalamin deficiency in childhood, but the age of
onset is different. Most transcobalamin II–deficient patients
develop severe megaloblastic anemia as early as 1–3 mo after
birth, whereas in infants with congenital malabsorption, symp-
toms develop later, between 12 and 18 mo, by the time cobalamin
stores acquired during pregnancy are exhausted (18, 167).

Symptoms, signs, and consequences

Cobalamin deficiency usually occurs in middle-aged and eld-
erly persons (148), and the cardinal signs are megaloblastic bone
marrow and myelopathy. However, the introduction of the cobal-
amin markers tHcy and MMA since the mid-1980s has shown that
tissue cobalamin deficiency commonly occurs without the
involvement of bone marrow or nervous system (1, 2).

The typical symptoms from overt cobalamin deficiency in
infancy are failure to thrive, movement disorders, developmental
delay and regression, and megaloblastosis, but neurologic symp-
toms and signs can develop even without hematologic abnormal-
ities (149). In infants with cobalamin deficiency who were
treated, the long-term consequences have been poor intellectual
performance (12). Notably, in apparently healthy children from
macrobiotic families, metabolic signs of persistent cobalamin
deficiency (14) and impaired cognitive performance (15) were
observed in adolescence even after consumption of animal prod-
ucts since the age of 6 y. This finding emphasizes the need for
prevention, early recognition, and treatment of cobalamin defi-
ciency in infants.

Assessment of cobalamin status by metabolic markers

Since the late 1970s, there have been sporadic reports on
methylmalonic aciduria in breastfed infants born to vegetarian
mothers (168–172). The potential use of urinary MMA measure-
ment in cobalamin diagnostics in vegetarians was shown by
Specker et al (173) as early as 1988. They reported that the con-
centration and range of urinary MMA excretion in infants born to
cobalamin-deficient vegetarian mothers (2.6–790.9 �mol/mmol cre-
atinine) were higher than in control infants (1.7–21.4 �mol/mmol
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creatinine) and correlated strongly with maternal serum cobal-
amin (r = �0.68) and maternal urinary MMA (r = 0.69).
Schneede et al (48) made complementary observations in infants
aged 10–20 mo who were consuming a macrobiotic diet. Plasma
MMA [geometric x– ± 1.96 SD: 1.44 (0.19–15.0) �mol/L] was
7.5-fold higher in the macrobiotic infants than in the control sub-
jects [0.18 (0.06–0.51) �mol/L], and tHcy was �2-fold higher.
Plasma MMA (compared with tHcy and hematologic variables)
afforded the highest sensitivity and specificity to discriminate
between the macrobiotic and control infants (48). These studies
highlight the usefulness of urinary and plasma or serum MMA
concentrations as markers of impaired cobalamin status in children.

Poor nutrition and malabsorption in developing countries pre-
dispose to cobalamin deficiency, which has been studied in infants
and children with the use of cobalamin markers MMA and tHcy.
Elevated urinary MMA concentrations were found in 12% of 113
infants of Guatemalan, breastfeeding women. The elevated uri-
nary MMA concentrations were related to maternal cobalamin
concentration in serum and milk (174).

A high mean tHcy concentration of 15.9 �mol/L was found in
Nigerian adolescent girls between 12 and 16 y of age. Most of the
girls had a tHcy concentration greater than the upper reference
range for their age group. The hyperhomocysteinemia was fre-
quently attributable to cobalamin deficiency and seldom to folate
deficiency (175). A similar observation was recently made among
553 Guatemalan schoolchildren. Low or marginal plasma cobal-
amin concentrations were detected among 33% of these children,
and the frequency of elevated tHcy or MMA concentrations was
higher than in children with adequate plasma cobalamin (70).
Thus, MMA or tHcy may be useful for the detection and follow-
up of cobalamin deficiency in populations with an inadequate diet.

Increasing evidence based on measurements of MMA and tHcy
supports the notion suggested by Rosenblatt and Whitehead (18)
that cobalamin deficiency may be widespread and undetected in
babies born to nonvegetarian women consuming Westernized diets.
Specker et al (35) noted > 10 y ago that the normal range of uri-
nary MMA concentrations in infants (0.4–23 �mol/mmol creati-
nine) was wider and higher than that of adults (0.7–3.2 �mol/mmol
creatinine; 34) and children (2.0–5.1 �mol//mmol creatinine;
176). There was a strong, inverse correlation between serum
cobalamin and urinary MMA, and newborns fed formulas, which
have a higher cobalamin content than does breast milk, had a low
urinary MMA concentration of < 5 �mol/mmol creatinine (35). In
a recent study of 123 neonates, tHcy was strongly correlated with
serum cobalamin, which was lower in breastfed infants than in for-
mula-fed infants. Fifteen percent of the infants had an elevated
tHcy concentration, ie, tHcy > 11 �mol/L. In a placebo-controlled
trial, elevated tHcy concentrations returned to normal in breast-
fed neonates given cobalamin supplements (60). Similarly, in 68
low-birth-weight infants, tHcy concentrations increased during
the first 40 d in those fed breast milk, but not in those fed for-
mula (63). In 173 neonates, MMA and tHcy were strongly
related to serum cobalamin (but not to serum folate), and their
cobalamin status, measured as plasma MMA and serum cobal-
amin, was positively related to maternal cobalamin status (37).
At 6 wk after birth, serum cobalamin was reduced to one-half,
and this reduction was associated with a drastic increase in
MMA (from 0.36 ± 0.26 to 1.36 ± 1.7 �mol/L), particularly in
infants of multiparous mothers (37).

The consistent finding of elevated urinary or serum MMA con-
centrations in apparently healthy infants aged < 1 y (35, 37, 60)

could be regarded as an innocuous phenomenon possibly related
to the immaturity of organ or enzyme systems involved in MMA
clearance or in the production of MMA or its precursors by intes-
tinal microorganisms (177). Alternatively, elevated serum and uri-
nary MMA concentrations may reflect impaired cobalamin
function. This possibility is supported by some observations,
including the concurrent decrease in serum cobalamin concen-
trations and elevated tHcy concentrations (37), which suggests
impaired homocysteine remethylation. Furthermore, the elevation
in MMA is provoked by several factors known to cause negative
cobalamin balance, such as low maternal cobalamin status (35,
37) and multiparity (37), and the concurrent hyperhomocysteine-
mia is ameliorated by formula feeding and cobalamin supple-
mentation (60, 63). The possibility that cobalamin deficiency is
common in infants born to nonvegetarian mothers deserves fur-
ther investigation.

Despite that low birth weight and prematurity predispose to
cobalamin deficiency, assessment of cobalamin status on the
basis of MMA concentrations in these infants has not been inves-
tigated. One preliminary report suggests that the tHcy concen-
tration in 9 preterm infants was actually lower (3.8 ± 0.3 �mol/L)
than that in term infants (6.1 ± 1.3 �mol/L), and the tHcy con-
centration was normalized within 1–2 wk (178). The low and
variable tHcy concentration during the first weeks of life in pre-
mature infants may preclude the use of tHcy as an indicator of
vitamin status in these infants.

CONCLUSION

The determinants and diagnostic utility of serum or plasma tHcy
and MMA concentrations are similar in children, adolescents, and
adults, but some important differences have been established. In
adults and in the elderly, tHcy is mainly used in cardiovascular dis-
ease risk assessment and in the diagnosis and follow-up of folate and
cobalamin deficiencies. Deficiencies of these vitamins and renal fail-
ure are the most common causes of hyperhomocysteinemia, and
MMA is a specific adjunct to serum cobalamin and tHcy for the diag-
nosis of cobalamin deficiency.

The usefulness of tHcy in evaluating the rare events of pedi-
atric stroke has not been established, and tHcy and MMA meas-
urements in infants with symptoms indicating homocystinuria,
methylmalonic aciduria, or both are obligatory but are not com-
mon applications of these metabolite assays.

In children, adequate folate and cobalamin status is crucial for
optimal organ development, including central nervous system
function, and subtle or atypical deficiencies of these vitamins are
probably more common than previously recognized. In this respect,
the possibility of impaired cobalamin status in a significant
fraction of breastfed infants represents a particular challenge in
preventive medicine. To meet this challenge, efforts should be
made to establish reference ranges of MMA and plasma tHcy in
infants with adequate cobalamin and folate status. This could be
accomplished by investigating infants of mothers with defined
vitamin status or who are being supplemented with cobalamin or
folate. Intervention studies with cobalamin supplementation of
infants should also be considered.

REFERENCES
1. Allen RH, Stabler SP, Savage DG, Lindenbaum J. Metabolic abnor-

malities in cobalamin (vitamin-B12) and folate deficiency. FASEB J
1993;7:1344–53.



HOMOCYSTEINE AND METHYLMALONIC ACID 17

2. Zittoun J, Zittoun R. Modern clinical testing strategies in cobalamin
and folate deficiency. Semin Hematol 1999;36:35–46.

3. Carmel R. Current concepts in cobalamin deficiency. Annu Rev Med
2000;51:357–75.

4. Ueland PM, Refsum H, Stabler SP, Malinow MR, Andersson A,
Allen RH. Total homocysteine in plasma or serum. Methods and clin-
ical applications. Clin Chem 1993;39:1764–79.

5. Nexo E, Hansen M, Rasmussen K, Lindgren A, Grasbeck R. How to
diagnose cobalamin deficiency. Scand J Clin Lab Invest Suppl 1994;
219:61–76.

6. Ueland PM, Refsum H, Schneede J. Determinants of plasma homo-
cysteine. In: Robinson K, ed. Homocysteine and vascular disease.
Boston: Kluwer Academic Publishers, 2000:59–84.

7. Ueland PM, Hustad S, Schneede J, Refsum H, Vollset SE. Biological
and clinical implications of the MTHFR C677T polymorphism.
Trends Pharmacol Sci 2001;22:195–201.

8. Ueland PM, Refsum H. Plasma homocysteine, a risk factor for vas-
cular disease: plasma levels in health, disease, and drug therapy. J
Lab Clin Med 1989;114:473–501.

9. Refsum H, Ueland PM, Nygård O, Vollset SE. Homocysteine and car-
diovascular disease. Annu Rev Med 1998;49:31–62.

10. van der Put NM, van Straaten HW, Trijbels FJ, Blom HJ. Folate,
homocysteine and neural tube defects: an overview. Exp Biol Med
2001;226:243–70.

11. Ray JG, Laskin CA. Folic acid and homocyst(e)ine metabolic defects
and the risk of placental abruption, pre-eclampsia and spontaneous
pregnancy loss: a systematic review. Placenta 1999;20:519–29.

12. Graham SM, Arvela OM, Wise GA. Long-term neurologic conse-
quences of nutritional vitamin B12 deficiency in infants. J Pediatr
1992;121:710–4.

13. von Schenck U, Bender-Gotze C, Koletzko B. Persistence of neuro-
logical damage induced by dietary vitamin B-12 deficiency in
infancy. Arch Dis Child 1997;77:137–9.

14. van Dusseldorp M, Schneede J, Refsum H, et al. Risk of persistent
cobalamin deficiency in adolescents fed a macrobiotic diet in early
life. Am J Clin Nutr 1999;69:664–71.

15. Louwman MW, van Dusseldorp M, van de Vijver FJ, et al. Signs of
impaired cognitive function in adolescents with marginal cobalamin
status. Am J Clin Nutr 2000;72:762–9.

16. Mudd SH, Levy HL, Skovby F. Disorder of transsulfuration. In:
Scriver CR, Beaudet AL, Sly WS, Valle D, eds. The metabolic and
molecular bases of inherited disease. New York: McGraw-Hill, 1995:
1279–327.

17. Fowler B. Genetic defects of folate and cobalamin metabolism. Eur
J Pediatr 1998;157(suppl):S60–6.

18. Rosenblatt DS, Whitehead VM. Cobalamin and folate deficiency:
acquired and hereditary disorders in children. Semin Hematol 1999;
36:19–34.

19. Ledley FD, Rosenblatt DS. Mutations in mut methylmalonic acidemia:
clinical and enzymatic correlations. Hum Mutat 1997;9:1–6.

20. Finkelstein JD. Methionine metabolism in mammals. J Nutr Biochem
1990;1:228–37.

21. Christensen B, Refsum H, Garras A, Ueland PM. Homocysteine
remethylation during nitrous oxide exposure of cells cultured in
media containing various concentrations of folates. J Pharmacol Exp
Ther 1992;261:1096–105.

22. Christensen B, Refsum H, Vintermyr O, Ueland PM. Homocysteine
export from cells cultured in the presence of physiological or super-
fluous levels of methionine: methionine loading of non-transformed,
transformed, proliferating and quiescent cells in culture. J Cell Phys-
iol 1991;146:52–62.

23. van der Griend R, Biesma DH, Haas FJ, et al. The effect of different
treatment regimens in reducing fasting and postmethionine-load
homocysteine concentrations. J Intern Med 2000;248:223–9.

24. Miller JW, Nadeau MR, Smith D, Selhub J. Vitamin B-6 deficiency
vs folate deficiency—comparison of responses to methionine load-
ing in rats. Am J Clin Nutr 1994;59:1033–9.

25. Silberberg J, Crooks R, Fryer J, et al. Gender differences and other
determinants of the rise in plasma homocysteine after L-methionine
loading. Atherosclerosis 1997;133:105–10.

26. Willems HP, Bos GM, Gerrits WB, den Heijer M, Vloet S, Blom HJ.
Acidic citrate stabilizes blood samples for assay of total homocys-
teine. Clin Chem 1998;44:342–5.

27. Ubbink JB, Vermaak WJH, Vandermerwe A, Becker PJ. The effect of
blood sample aging and food consumption on plasma total homocys-
teine levels. Clin Chim Acta 1992;207:119–28.

28. al-Khafaji F, Bowron A, Day AP, Scott J, Stansbie D. Stabilization of
blood homocysteine by 3-deazaadenosine. Ann Clin Biochem 1998;
35:780–2.

29. Guerra-Shinohar EM, Paiva AA, Rondo PH, Yamasaki K, Terzi CA,
D’Almeida V. Relationship between total homocysteine and folate
levels in pregnant women and their newborn babies according to
maternal serum levels of vitamin B12. BJOG 2002;109:784–91.

30. Ueland PM. Homocysteine species as components of plasma redox
thiol status. Clin Chem 1995;41:340–2.

31. Mudd SH, Finkelstein JD, Refsum H, et al. Homocysteine and its
disulfide derivatives: a suggested consensus terminology. Arterioscler
Thromb Vasc Biol 2000;20:1704–6.

32. Ubbink JB. Assay methods for the measurement of total homo-
cyst(e)ine in plasma. Semin Thromb Hemost 2000;26:233–41.

33. Barness LA, Young D, Mellman WJ, Kahn SB, Williams WJ. Methyl-
malonate excretion in a patient with pernicious anemia. N Engl J Med
1963;268:144–6.

34. Marcell PD, Stabler SP, Podell ER, Allen RH. Quantitation of methyl-
malonic acid and other dicarboxylic acids in normal serum and urine
using capillary gas chromatography-mass spectrometry. Anal
Biochem 1985;150:58–66.

35. Specker BL, Brazerol W, Ho ML, Norman EJ. Urinary methylmalonic
acid excretion in infants fed formula or human milk. Am J Clin Nutr
1990;51:209–11.

36. Artuch R, Calvo M, Ribes A, Camarasa F, Vilaseca MA. Increased
urine methylmalonic acid excretion in infants with apnoeas. J Inherit
Metab Dis 1998;21:86–7.

37. Bjorke-Monsen AL, Ueland PM, Vollset SE, et al. Determinants of
cobalamin status in newborns. Pediatrics 2001;108:624–30.

38. Rasmussen K, Vyberg B, Pedersen KO, Brochner-Mortensen J.
Methylmalonic acid in renal insufficiency: evidence of accumulation
and implications for diagnosis of cobalamin deficiency. Clin Chem
1990;36:1523–4.

39. Norman EJ. Urinary methylmalonic acid/creatinine ratio defines true
tissue cobalamin deficiency. Br J Haematol 1998;100:614–5, 617–8.

40. Rasmussen K, Moelby L, Jensen MK. Studies on methylmalonic
acid in humans. II. Relationship between concentrations in serum
and urinary excretion, and the correlation between serum cobalamin
and accumulation of methylmalonic acid. Clin. Chem. 1989;35:
2277–80.

41. Norman EJ, Berry HK, Denton MD. Identification and quantitation of
urinary dicarboxylic acids as their dicyclohexyl esters in disease
states by gas chromatography mass spectrometry. Biomed Mass Spec-
trom 1979;6:546–53.

42. Rasmussen K. Solid-phase sample extraction for rapid determination
of methylmalonic acid in serum and urine by a stable-isotope dilu-
tion method. Clin Chem 1989;35:260–4.

43. Schneede J, Ueland PM. Automated assay for methylmalonic acid in
serum and urine by derivatization with 1-pyrenyldiazomethane, liq-
uid chromatography and fluorescence detection. Clin Chem 1993;
39:392–9.

44. Schneede J, Ueland PM. Application of capillary electrophoresis with
laser-induced fluorescence detection for routine determination of
methylmalonic acid in human serum. Anal Chem 1995;67:812–9.

45. Husek P. Simultaneous profile analysis of plasma amino and organic
acids by capillary gas chromatography. J Chromatogr B Biomed Appl
1995;669:352–7.



18 BJØRKE MONSEN AND UELAND

46. Magera MJ, Helgeson JK, Matern D, Rinaldo P. Methylmalonic acid
measured in plasma and urine by stable-isotope dilution and electro-
spray tandem mass spectrometry. Clin Chem 2000;46:1804–10.

47. Refsum H, Wesenberg F, Ueland PM. Plasma homocysteine in chil-
dren with acute lymphoblastic leukemia. Changes during a
chemotherapeutic regimen including methotrexate. Cancer Res 1991;
51:828–35.

48. Schneede J, Dagnelie PC, van Staveren WA, Vollset SE, Refsum H,
Ueland PM. Methylmalonic acid and homocysteine in plasma as indi-
cators of functional cobalamin deficiency in infants on macrobiotic
diets. Pediatr Res 1994;36:194–201.

49. Tonstad S, Refsum H, Sivertsen M, Christophersen B, Ose L,
Ueland PM. Relation of total homocysteine and lipid levels in chil-
dren to premature cardiovascular death in male relatives. Pediatr Res
1996;40:47–52.

50. Bates CJ, Mansoor MA, Gregory J, Pentiev K, Prentice A. Correlates
of plasma homocysteine, cysteine and cysteinyl-glycine in respon-
dents in the British National Diet and Nutrition Survey of young peo-
ple aged 4–18 years, and a comparison with the survey of people aged
65 years and over. Br J Nutr 2002;87:71–9.

51. Delvin EE, Rozen R, Merouani A, Genest J Jr, Lambert M. Influence
of methylenetetrahydrofolate reductase genotype, age, vitamin B-12,
and folate status on plasma homocysteine in children. Am J Clin Nutr
2000;72:1469–73.

52. Osganian SK, Stampfer MJ, Spiegelman D, et al. Distribution of and
factors associated with serum homocysteine levels in children: Child
and Adolescent Trial for Cardiovascular Health. JAMA 1999;281:
1189–96.

53. Jacques PF, Rosenberg IH, Rogers G, et al. Serum total homocysteine
concentrations in adolescent and adult Americans: results from the
third National Health and Nutrition Examination Survey. Am J Clin
Nutr 1999;69:482–9.

54. Minniti G, Cerone R, Piana A, Armani U, Lorini R. Plasma and serum
total homocysteine concentrations in paediatric patients, evaluated by
high-performance liquid chromatography with fluorescence. Clin
Chem Lab Med 2000;38:675–6.

55. Reddy MN. Reference ranges for total homocysteine in children. Clin
Chim Acta 1997;262:153–5.

56. De Laet C, Wautrecht JC, Brasseur D, et al. Plasma homocysteine
concentration in a Belgian school-age population. Am J Clin Nutr
1999;69:968–72.

57. Vilaseca MA, Moyano D, Ferrer I, Artuch R. Total homocysteine in
pediatric patients. Clin Chem 1997;43:690–2.

58. Rauh M, Verwied S, Knerr I, Dorr HG, Sonnichsen A, Koletzko B.
Homocysteine concentrations in a German cohort of 500 individuals:
reference ranges and determinants of plasma levels in healthy chil-
dren and their parents. Amino Acids 2001;20:409–18.

59. Tonstad S, Refsum H, Ueland PM. Association between plasma total
homocysteine and parental history of cardiovascular disease in chil-
dren with familial hypercholesterolemia. Circulation 1997;96:
1803–8.

60. Minet JC, Bisse E, Aebischer CP, Beil A, Wieland H, Lutschg J.
Assessment of vitamin B-12, folate, and vitamin B-6 status and rela-
tion to sulfur amino acid metabolism in neonates. Am J Clin Nutr
2000;72:751–7.

61. Molloy AM, Mills JL, McPartlin J, Kirke PN, Scott JM, Daly S.
Maternal and fetal plasma homocysteine concentrations at birth: the influ-
ence of folate, vitamin B12, and the 5,10-methylenetetrahydrofolate
reductase 677C→T variant. Am J Obstet Gynecol 2002;186:499–503.

62. Bartesaghi S, Accinni R, De Leo G, et al. A new HPLC micromethod
to measure total plasma homocysteine in newborn. J Pharm Biomed
Anal 2001;24:1137–41.

63. Fokkema MR, Woltil HA, van Beusekom CM, Schaafsma A, Dijck-
Brower J, Muskiet FAJ. Plasma total homocysteine increases from
day 20 to 40 in breastfed but not formula-fed low-birthweight infants.
Acta Paediatr 2002;91:507–11.

64. Infante-Rivard C, Rivard GE, Yotov WV, Theoret Y. Perinatal reference

intervals for plasma homocysteine and factors influencing its con-
centration. Clin Chem 2002;48:1100–2.

65. Merouani A, Lambert M, Delvin EE, Genest J Jr, Robitaille P, Rozen R.
Plasma homocysteine concentration in children with chronic renal
failure. Pediatr Nephrol 2001;16:805–11.

66. Wiltshire E, Thomas DW, Baghurst P, Couper J. Reduced total plasma
homocyst(e)ine in children and adolescents with type 1 diabetes. J
Pediatr 2001;138:888–93.

67. Ubbink JB, Delport R, Vermaak WJ. Plasma homocysteine concen-
trations in a population with a low coronary heart disease prevalence.
J Nutr 1996;126:1254S–7S.

68. Greenlund KJ, Srinivasan SR, Xu JH, et al. Plasma homocysteine dis-
tribution and its association with parental history of coronary artery
disease in black and white children: the Bogalusa Heart Study. Cir-
culation 1999;99:2144–9.

69. van Beynum IM, Smeitink JA, den Heijer M, te Poele Pothoff MT,
Blom HJ. Hyperhomocysteinemia: a risk factor for ischemic stroke
in children. Circulation 1999;99:2070–2.

70. Rogers LM, Boy E, Miller JW, Green R, Sabel JC, Allen LH. High
prevalence of cobalamin deficiency in Guatemalan school children:
associations with low plasma holotranscobalamin II and elevated
serum methylmalonic acid and plasma homocysteine concentrations
Am J Clin Nutr 2002;77:433–40.

71. Tonstad S, Refsum H, Ose L, Ueland PM. The C677T mutation in the
methylenetetrahydrofolate reductase gene predisposes to hyperho-
mocysteinemia in children with familial hypercholesterolemia treated
with cholestyramine. J Pediatr 1998;132:365–8.

72. Giraud DW, Driskell JA, Setiawan B. Plasma homocysteine concen-
trations of Indonesian children with inadequate and adequate vitamin
B-6 status. Nutr Res 2001;21:961–6.

73. Crawley HF, While D. The diet and body weight of British teenage
smokers at 16–17 years. Eur J Clin Nutr 1995;49:904–14.

74. Bohles H, Arndt S, Ohlenschlager U, Beeg T, Gebhardt B, Sewell AC.
Maternal plasma homocysteine, placenta status and docosahexaenoic
acid concentration in erythrocyte phospholipids of the newborn. Eur
J Pediatr 1999;158:243–6.

75. Malinow MR, Rajkovic A, Duell PB, Hess DL, Upson BM. The rela-
tionship between maternal and neonatal umbilical cord plasma homo-
cyst(e)ine suggests a potential role for maternal homocyst(e)ine in
fetal metabolism. Am J Obstet Gynecol 1998;178:228–33.

76. Sniderman LC, Lambert M, Giguere R, et al. Outcome of individuals
with low-moderate methylmalonic aciduria detected through a neona-
tal screening program. J Pediatr 1999;134:675–80.

77. Refsum H, Ueland PM, Kvinnsland S. Acute and long-term effects
of high-dose methotrexate treatment on homocysteine in plasma and
urine. Cancer Res 1986;46:5385–91.

78. Broxson EH, Stork LC, Allen RH, Stabler SP, Kolhouse JF. Changes
in plasma methionine and total homocysteine levels in patients receiv-
ing methotrexate infusions. Cancer Res 1989;49:5879–83.

79. Quinn CT, Griener JC, Bottiglieri T, Hyland K, Farrow A, Kamen BA.
Elevation of homocysteine and excitatory amino acid neurotransmit-
ters in the CSF of children who receive methotrexate for the treat-
ment of cancer. J Clin Oncol 1997;15:2800–6.

80. Verrotti A, Pascarella R, Trotta D, Giuva T, Morgese G, Chiarelli F.
Hyperhomocysteinemia in children treated with sodium valproate and
carbamazepine. Epilepsy Res 2000;41:253–7.

81. Vilaseca MA, Monros E, Artuch R, et al. Anti-epileptic drug treat-
ment in children: hyperhomocysteinaemia, B-vitamins and the
677C→T mutation of the methylenetetrahydrofolate reductase gene.
Eur J Paediatr Neurol 2000;4:269–77.

82. Gallistl S, Sudi K, Mangge H, Erwa W, Borkenstein M. Insulin is an
independent correlate of plasma homocysteine levels in obese chil-
dren and adolescents. Diabetes Care 2000;23:1348–52.

83. Nygård O, Vollset SE, Refsum H, et al. Total plasma homocysteine
and cardiovascular risk profile. The Hordaland homocysteine study.
JAMA 1995;274:1526–33.



HOMOCYSTEINE AND METHYLMALONIC ACID 19

84. Gallistl S, Sudi KM, Erwa W, Aigner R, Borkenstein M. Determi-
nants of homocysteine during weight reduction in obese children and
adolescents. Metabolism 2001;50:1220–3.

85. Henning BF, Tepel M, Riezler R, Gillessen A, Doberauer C. Vitamin
supplementation during weight reduction—favourable effect on
homocysteine metabolism. Res Exp Med (Berl) 1998;198:37–42.

86. Borson-Chazot F, Harthe C, Teboul F, et al. Occurrence of hyperho-
mocysteinemia 1 year after gastroplasty for severe obesity. J Clin
Endocrinol Metab 1999;84:541–5.

87. Gunnell DJ, Frankel SJ, Nanchahal K, Peters TJ, Davey Smith G.
Childhood obesity and adult cardiovascular mortality: a 57-y follow-
up study based on the Boyd Orr cohort. Am J Clin Nutr 1998;67:
1111–8.

88. Kirkham FJ, Prengler M, Hewes DK, Ganesan V. Risk factors for
arterial ischemic stroke in children. J Child Neurol 2000;15:299–307.

89. Kark JD, Sinnreich R, Rosenberg IH, Jacques PF, Selhub J. Plasma
homocysteine and parental myocardial infarction in young adults in
Jerusalem. Circulation 2002;105:2725–9.

90. Hyanek J, Stribrny J, Sebesta P, et al. Diagnostic significance of mild
hyperhomocysteinemia in a population of children with parents or
grandparents who have peripheral or coronary artery disease. Cas Lek
Cesk 1999;138:333–6.

91. Morrison JA, Jacobsen DW, Sprecher DL, Robinson K, Khoury P,
Daniels SR. Serum glutathione in adolescent males predicts parental
coronary heart disease. Circulation 1999;100:2244–7.

92. Laskowska-Klita T, Szymczak E, Radomyska B. Serum homocysteine
and lipoprotein (a) concentrations in hypercholesterolemic and nor-
mocholesterolemic children. Clin Pediatr (Phila) 2001;40:149–54.

93. Nowak-Gottl U, Strater R, Heinecke A, et al. Lipoprotein (a) and
genetic polymorphisms of clotting factor V, prothrombin, and meth-
ylenetetrahydrofolate reductase are risk factors of spontaneous
ischemic stroke in childhood. Blood 1999;94:3678–82.

94. Cardo E, Vilaseca MA, Campistol J, Artuch R, Colome C, Pineda M.
Evaluation of hyperhomocysteinaemia in children with stroke. Eur J
Paediatr Neurol 1999;3:113–7.

95. Hogeveen M, Blom HJ,Van Amerongen M, Boogmans B,Van Beynum IM,
Van De Bor M. Hyperhomocysteinemia as risk factor for ischemic
and hemorrhagic stroke in newborn infants. J Pediatr 2002;141:
429–31.

96. Koch HG, Nabel P, Junker R, et al. The 677T genotype of the com-
mon MTHFR thermolabile variant and fasting homocysteine in
childhood venous thrombosis. Eur J Pediatr 1999;158(suppl):
S113–6.

97. Prengler M, Sturt N, Krywawych S, Surtees R, Liesner R, Kirkham F.
Homozygous thermolabile variant of the methylenetetrahydrofolate
reductase gene: a potential risk factor for hyperhomocysteinaemia,
CVD, and stroke in childhood. Dev Med Child Neurol 2001;43:
220–5.

98. Cardo E, Monros E, Colome C, et al. Children with stroke: polymor-
phism of the MTHFR gene, mild hyperhomocysteinemia, and vita-
min status. J Child Neurol 2000;15:295–8.

99. McColl MD, Chalmers EA, Thomas A, et al. Factor V Leiden, pro-
thrombin 20210G→A and the MTHFR C677T mutations in child-
hood stroke. Thromb Haemost 1999;81:690–4.

100. Akar N, Akar E, Deda G, Sipahi T, Orsal A. Factor V1691 G-A, pro-
thrombin 20210 G-A, and methylenetetrahydrofolate reductase 677
C-T variants in Turkish children with cerebral infarct. J Child Neu-
rol 1999;14:749–51.

101. Akar N, Akar E, Ozel D, Deda G, Sipahi T. Common mutations at the
homocysteine metabolism pathway and pediatric stroke. Thromb Res
2001;102:115–20.

102. Ueland PM, Refsum H, Beresford SA, Vollset SE. The controversy
over homocysteine and cardiovascular risk. Am J Clin Nutr 2000;72:
324–32.

103. Bostom AG, Culleton BF. Hyperhomocysteinemia in chronic renal
disease. J Am Soc Nephrol 1999;10:891–900.

104. Lilien M, Duran M, Van Hoeck K, Poll-The BT, Schroder C. Hyper-
homocyst(e)inaemia in children with chronic renal failure. Nephrol
Dial Transplant 1999;14:366–8.

105. Krmar RT, Ferraris JR, Ramirez JA, et al. Hyperhomocysteinemia in
stable pediatric, adolescents, and young adult renal transplant recip-
ients. Transplantation 2001;71:1748–51.

106. Szabo AJ, Tulassay T, Melegh B, et al. Hyperhomocysteinaemia and
MTHFR C677T gene polymorphism in renal transplant recipients.
Arch Dis Child 2001;85:47–9.

107. Schroder CH, de Boer AW, Giesen AM, Monnens LA, Blom H. Treat-
ment of hyperhomocysteinemia in children on dialysis by folic acid.
Pediatr Nephrol 1999;13:583–5.

108. Litwin M, Abuauba M, Wawer ZT, Grenda R, Kuryl T, Pietraszek E.
Sulphur amino acids, vitamin B12 and folic acid in children with
chronic renal failure. Pol Merkuriusz Lek 2000;8:268–9.

109. Elian KM, Hoffer LJ. Hydroxocobalamin reduces hyperhomocys-
teinemia in end-stage renal disease. Metabolism 2002;51:881–6.

110. Bennett-Richards K, Kattenhorn M, Donald A, et al. Does oral folic
acid lower total homocysteine levels and improve endothelial function
in children with chronic renal failure? Circulation 2002;105:1810–5.

111. Audelin MC, Genest J Jr. Homocysteine and cardiovascular disease
in diabetes mellitus. Atherosclerosis 2001;159:497–511.

112. Glowinska B, Urban M, Peczynska J, Florys B, Szydlowska E. Ele-
vated concentrations of homocysteine in children and adolescents
with arterial hypertension accompanying type 1 diabetes. Med Sci
Monit 2001;7:1242–9.

113. Salardi S, Cacciari E, Sassi S, et al. Homocysteinemia, serum folate
and vitamin B12 in very young patients with diabetes mellitus type 1.
J Pediatr Endocrinol Metab 2000;13:1621–7.

114. Cotellessa M, Minniti G, Cerone R, Prigione F, Calevo MG, Lorini R.
Low total plasma homocysteine concentrations in patients with type 1
diabetes. Diabetes Care 2001;24:969–71.

115. Pavia C, Ferrer I, Valls C, Artuch R, Colome C, Vilaseca MA. Total
homocysteine in patients with type 1 diabetes. Diabetes Care 2000;
23:84–7.

116. Wiltshire EJ, Gent R, Hirte C, Pena A, Thomas DW, Couper JJ.
Endothelial dysfunction relates to folate status in children and ado-
lescents with type 1 diabetes. Diabetes 2002;51:2282–6.

117. Botto LD, Moore CA, Khoury MJ, Erickson JD. Neural-tube defects.
N Engl J Med 1999;341:1509–19.

118. Botto LD, Yang Q. 5,10-Methylenetetrahydrofolate reductase gene
variants and congenital anomalies: a HuGE review. Am J Epidemiol
2000;151:862–77.

119. Moyers S, Bailey LB. Fetal malformations and folate metabolism:
review of recent evidence. Nutr Rev 2001;59:215–24.

120. Bjorke-Monsen AL, Ueland PM, Schneede J, Vollset SE, Refsum H.
Elevated plasma total homocysteine and C677T mutation of the
methylenetetrahydrofolate reductase gene in patients with spina
bifida. QJM 1997;90:593–6.

121. van der Put NM, Thomas CM, Eskes TK, et al. Altered folate and
vitamin B12 metabolism in families with spina bifida offspring. QJM
1997;90:505–10.

122. van der Put NM, Eskes TK, Blom HJ. Is the common 677C→T muta-
tion in the methylenetetrahydrofolate reductase gene a risk factor for
neural tube defects? A meta-analysis. QJM 1997;90:111–5.

123. Graf WD, Oleinik OE, Jack RM, Eder DN, Shurtleff DB. Plasma
homocysteine and methionine concentrations in children with neural
tube defects. Eur J Pediatr Surg 1996;6(suppl):7–9.

124. Brouwer IA, van Dusseldorp M, Thomas CM, et al. Homocysteine
metabolism and effects of folic acid supplementation in patients
affected with spina bifida. Neuropediatrics 2000;31:298–302.

125. Smith ED. Urinary prognosis in spina bifida. J Urol 1972;108:815–7.
126. Rosenblatt DS. Folate and homocysteine metabolism and gene poly-

morphisms in the etiology of Down syndrome. Am J Clin Nutr 1999;
70:429–30.



20 BJØRKE MONSEN AND UELAND

127. James SJ, Pogribna M, Pogribny IP, et al. Abnormal folate metabo-
lism and mutation in the methylenetetrahydrofolate reductase gene
may be maternal risk factors for Down syndrome. Am J Clin Nutr
1999;70:495–501.

128. O’Leary VB, Parle-McDermott A, Molloy AM, et al. MTRR and
MTHFR polymorphism: link to Down syndrome? Am J Med Genet
2002;107:151–5.

129. Stuppia L, Gatta V, Gaspari AR, et al. C677T mutation in the
5,10-MTHFR gene and risk of Down syndrome in Italy. Eur J Hum
Genet 2002;10:388–90.

130. Hobbs CA, Sherman SL, Yi P, et al. Polymorphisms in genes involved
in folate metabolism as maternal risk factors for Down syndrome. Am
J Hum Genet 2000;67:623–30.

131. Chadefaux B, Ceballos I, Hamet M, et al. Is absence of atheroma in
Down syndrome due to decreased homocysteine levels? Lancet
1988;2:741.

132. Pogribna M, Melnyk S, Pogribny I, Chango A, Yi P, James SJ. Homo-
cysteine metabolism in children with down syndrome: in vitro mod-
ulation. Am J Hum Genet 2001;69:88–95.

133. Brattström L, Englund E, Brun A. Does Down syndrome support
homocysteine theory of arteriosclerosis? Lancet 1987;1:391–2.

134. Ueland PM, Refsum H, Christensen B. Methotrexate sensitivity in
Down’s syndrome: a hypothesis. Cancer Chemother Pharmacol 1990;
25:384–6.

135. Oakley GP. Delaying folic acid fortification of flour. BMJ 2002;324:
1348–9.

136. Jacques PF, Selhub J, Bostom AG, Wilson PW, Rosenberg IH. The
effect of folic acid fortification on plasma folate and total homocys-
teine concentrations. N Engl J Med 1999;340:1449–54.

137. Ray JG, Vermeulen MJ, Boss SC, Cole DE. Increased red cell folate
concentrations in women of reproductive age after Canadian folic
acid food fortification. Epidemiology 2002;13:238–40.

138. Konings EJ, Roomans HH, Dorant E, Goldbohm RA, Saris WH,
van den Brandt PA. Folate intake of the Dutch population according
to newly established liquid chromatography data for foods. Am J Clin
Nutr 2001;73:765–76.

139. McNulty H, Eaton-Evans J, Cran G, et al. Nutrient intakes and impact
of fortified breakfast cereals in schoolchildren. Arch Dis Child 1996;
75:474–81.

140. Requejo AM, Ortega RM, Navia B, Gaspar MJ, Quintas E,
Lopez-Sobaler A. Folate and vitamin B12 status in a group of pre-
school children. Int J Vitam Nutr Res 1997;67:171–5.

141. Moyano D, Vilaseca MA, Artuch R, Valls C, Lambruschini N.
Plasma total-homocysteine in anorexia nervosa. Eur J Clin Nutr
1998;52:172–5.

142. Vilaseca MA, Sierra C, Colome C, et al. Hyperhomocysteinaemia and
folate deficiency in human immunodeficiency virus-infected children.
Eur J Clin Invest 2001;31:992–8.

143. Gray NT, Bartlett JM, Kolasa KM, Marcuard SP, Holbrook CT,
Horner RD. Nutritional status and dietary intake of children with
sickle cell anemia. Am J Pediatr Hematol Oncol 1992;14:57–61.

144. Houston PE, Rana S, Sekhsaria S, Perlin E, Kim KS, Castro OL.
Homocysteine in sickle cell disease: relationship to stroke. Am J Med
1997;103:192–6.

145. van der Dijs FP, Schnog JJ, Brouwer DA, et al. Elevated homocys-
teine levels indicate suboptimal folate status in pediatric sickle cell
patients. Am J Hematol 1998;59:192–8.

146. Rodriguez-Cortes HM, Griener JC, Hyland K, et al. Plasma homo-
cysteine levels and folate status in children with sickle cell anemia. J
Pediatr Hematol Oncol 1999;21:219–23.

147. Balasa VV, Kalinyak KA, Bean JA, Stroop D, Gruppo RA. Hyperho-
mocysteinemia is associated with low plasma pyridoxine levels in chil-
dren with sickle cell disease. J Pediatr Hematol Oncol 2002;24:374–9.

148. Wickramasinghe SN. The wide spectrum and unresolved issues of
megaloblastic anemia. Semin Hematol 1999;36:3–18.

149. Rasmussen SA, Fernhoff PM, Scanlon KS. Vitamin B12 deficiency in
children and adolescents. J Pediatr 2001;138:10–7.

150. Allen LH. Vitamin B12 metabolism and status during pregnancy, lac-
tation and infancy. Adv Exp Med Biol 1994;352:173–86.

151. Specker BL, Black A, Allen L, Morrow F. Vitamin-B-12 -low milk
concentrations are related to low serum concentrations in vegetarian
women and to methylmalonic aciduria in their Infants. Am J Clin Nutr
1990;52:1073–6.

152. Baker H, Thind IS, Frank O, DeAngelis B, Caterini H, Louria DB.
Vitamin levels in low-birth-weight newborn infants and their mothers.
Am J Obstet Gynecol 1977;129:521–4.

153. Worthington-White DA, Behnke M, Gross S. Premature infants
require additional folate and vitamin B-12 to reduce the severity of
the anemia of prematurity. Am J Clin Nutr 1994;60:930–5.

154. Garewal G, Narang A, Das KC. Infantile tremor syndrome: a vitamin
B12 deficiency syndrome in infants. J Trop Pediatr 1988;34:174–8.

155. Allen LH, Rosado JL, Casterline JE, et al. Vitamin B-12 deficiency
and malabsorption are highly prevalent in rural Mexican communi-
ties. Am J Clin Nutr 1995;62:1013–9.

156. Diez-Ewald M, Torres-Guerra E, Layrisse M, Leets I, Vizcaino G,
Arteaga-Vizcaino M. Prevalence of anemia, iron, folic acid and vita-
min B12 deficiency in two Bari Indian communities from western
Venezuela. Invest Clin 1997;38:191–201.

157. Neumann CG, Siekmann J, Bwibo NO, Allen LH, Mukudi E,
Grillenberger M. Impact of infection and malaria on micronutrient
status in rural school children. Vienna: 2001 International Congress
of Nutrition, 2001 (abstr).

158. Neumann C, Harris DM, Rogers LM. Contribution of animal source
foods in improving diet quality and function in children in the devel-
oping world. Nutr Res 2002;22:193–220.

159. Intakes SCotSEoDR. Standard Committee on the Scientific Evalua-
tion of Dietary Reference Intakes. Vitamin B12. Dietary reference
intakes for thiamin, riboflavin, niacin, vitamin B6, folate, vitamin
B12, pantothenic acid, biotin, and choline. Washington, DC: National
Academy Press, 2000:306–56.

160. Wright JD, Bialostosky K, Gunter EW, et al. Blood folate and vita-
min B12: United States, 1988–94. Vital Health Stat 11 1998:1–78.

161. Hicks JM, Cook J, Godwin ID, Soldin SJ. Vitamin B12 and folate.
Pediatric reference ranges. Arch Pathol Lab Med 1993;117:704–6.

162. Shojania AM, Gross S. Folic acid deficiency and prematurity. J Pedi-
atr 1964;64:323–9.

163. Giugliani ER, Jorge SM, Goncalves AL. Serum vitamin B12 levels
in parturients, in the intervillous space of the placenta and in full-
term newborns and their interrelationships with folate levels. Am J
Clin Nutr 1985;41:330–5.

164. Frery N, Huel G, Leroy M, et al. Vitamin B12 among parturients and
their newborns and its relationship with birthweight. Eur J
Obstet Gynecol Reprod Biol 1992;45:155–63.

165. Obarzanek E, Hunsberger SA, Van Horn L, et al. Safety of a fat-
reduced diet: the Dietary Intervention Study in Children (DISC).
Pediatrics 1997;100:51–9.

166. Rothenberg SP. Increasing the dietary intake of folate: pros and cons.
Semin Hematol 1999;36:65–74.

167. Linnell JC, Bhatt HR. Inherited errors of cobalamin metabolism and
their management. Baillieres Clin Haematol 1995;8:567–601.

168. Higginbottom MC, Sweetman L, Nyhan WL. A syndrome of methyl-
malonic aciduria, homocystinuria, megaloblastic anemia and neuro-
logical abnormalities in a vitamin B12-deficient breastfed infant of a
strict vegetarian. N Engl J Med 1978;299:317–23.

169. Wighton MC, Manson JI, Speed I, Robertson E, Chapman E. Brain
damage in infancy and dietary vitamin B12 deficiency. Med J Aust
1979;2:1–3.

170. Rendle-Short J, Tiernan JR, Hawgood S. Vegan mothers with vitamin
B12 deficiency. Med J Aust 1979;2:483.

171. Davis JR Jr, Goldenring J, Lubin BH. Nutritional vitamin B12 defi-
ciency in infants. Am J Dis Child 1981;135:566–7.

172. Close GC. Rastafarianism and the vegans syndrome. Br Med J (Clin
Res Ed) 1983;286:473.



HOMOCYSTEINE AND METHYLMALONIC ACID 21

173. Specker BL, Miller D, Norman EJ, Greene H, Hayes KC. Increased
urinary methylmalonic acid excretion in breast-fed infants of vege-
tarian mothers and identification of an acceptable dietary source of
vitamin B-12. Am J Clin Nutr 1988;47:89–92.

174. Casterline JE, Allen LH, Ruel MT. Vitamin B-12 deficiency is very
prevalent in lactating Guatemalan women and their infants at three
months postpartum. J Nutr 1997;127:1966–72.

175. VanderJagt DJ, Spelman K, Ambe J, et al. Folate and vitamin B12
status of adolescent girls in northern Nigeria. J Natl Med Assoc 2000;
92:334–40.

176. Nakamura E, Rosenberg LE, Tanaka K. Microdetermination of
methylmalonic acid and other short chain dicarboxylic acids by gas
chromatography: use in prenatal diagnosis of methylmalonic
acidemia and in studies of isovaleric acidemia. Clin Chim Acta 1976;
68:127–40.

177. Bain MD, Jones M, Borriello SP, et al. Contribution of gut bacte-
rial metabolism to human metabolic disease. Lancet 1988;1:
1078–9.

178. Hongsprabhas P, Saboohi F, Aranda JV, et al. Plasma homocysteine
concentrations of preterm infants. Biol Neonate 1999;76:65–71.


