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Abstract It is widely accepted
that the rapid rate of growth of the
brain during the last third of
gestation and the early postnatal
stage makes it vulnerable to an
inadequate diet, although brain
development continues into
adulthood and micronutrient
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status can influence functioning
beyond infancy. A deficiency of
various micro-nutrients in devel-
oping countries has been found to
have long-term implication for
cognitive development. Vitamin A
plays a critical role in visual
perception and a deficiency is the
leading cause of childhood blind-
ness. A lack of iodine during a
critical period in brain develop-
ment is associated with reduced
intellectual ability. Iron shortage is

industrialized countries a role for
folate in the prevention of neural
tube defects is well established and
in a few individuals impaired
cognitive functioning is associated
with the inadequate provision of
vitamin B;, The controversial
suggestions that sub-clinical defi-
ciencies of micronutrients may in
industrialized societies influence
anti-social behavior and intelli-
gence are also discussed.
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Introduction

In much of the population there appears to be a ready
predisposition to see diet as both the cause of
behavioral problems and the means of solving them.
More specifically there is a widespread belief that
micro-nutrient intake is deficient; it is often suggested
that it results from the consumption of too many
refined foods or as a consequence of farming methods
in industrialized countries. A British survey found
that thirty-two percent of boys up to ten years of age
took supplements although it fell to fourteen percent
in an older group. The comparable figures for girls
were 23% when under seven years, 16% between

a widespread problem in the
developing world but also in
industrialized countries. There is
evidence that iron deficiency in
early life adversely effects brain
development. In addition in
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seven and fourteen and 22% after this age. The proba-
bility of taking supplements was related to social
background with the children of manual workers being
less likely to consume supplements [45]. The high
number of parents who purchase micro-nutrient sup-
plements demonstrates a widespread concern that
dietary deficiencies may occur.

Typically nutritional surveys find that the diet of
children is a cause for only limited concern. For
example the British survey of the diet of 2,600 chil-
dren concluded that “average intakes of all vitamins
except vitamin A were well above reference nutrient
intakes” [45]. Blood analysis showed a generally good
nutritional status for vitamins A, B,, and E and
for magnesium, selenium and copper. There was,
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however, some evidence that some individuals had a
poor nutritional status for iron, vitamin D, vitamin C,
folic acid, riboflavin and thiamine. Biesalski et al. [23]
considered the risk of micronutrient deficiencies in
Europe and concluded that although a balanced diet is
generally available the intake of some micronutrients
is often marginal; iron, iodine, folic acid, vitamin D
and vitamin B,.

Although all nutrients are required for bodily
functioning, with many there is little evidence that the
level of intake influences brain development and
cognition. However, there is good evidence that the
deficiency of some micro-nutrients influence the
cognition and behavior of children. As it is beyond
the capability of one paper to consider in detail the
entire topic the more limited objective is to offer an
introduction and overview. Where appropriate the
main themes and conclusions will be summarized and
attention drawn to review articles that allow those
interested to go further. Attention is given particularly
to those nutrients that are known to markedly influ-
ence cognitive development. As global deficiencies of
vitamin A, iron, iodine and zinc have a major impact
on child development in developing countries, these
are considered initially. The suggestion is also con-
sidered that sub-clinical deficiencies occur in indus-
trialized countries to the extent that cognition is
disrupted, although such a suggestion is controver-
sial.

Vitamin A

Vitamin A plays a critical role in visual perception
and a deficiency is the leading cause of childhood
blindness in developing countries. It has been esti-
mated that 127 million preschool-aged children and 7
million pregnant women are vitamin A deficient [97].
Vitamin A also has a role in cell differentiation, the
immune system and reproduction. Vitamin A is par-
ticularly important during periods of rapid growth,
both during pregnancy and in early childhood.
Globally, 4.4 million preschool children have
xerophthalmia (dry eye) that is caused specifically by
vitamin A deficiency. Six million mothers suffer night
blindness during pregnancy. There is clear evidence
that severe vitamin A deficiency can impair the visual
system [82]. Vitamin A in combination with specific
proteins (opsin) forms rhodopsin or visual purple. It
is found in both types of photo-receptors in the ret-
ina, although in greater quantities in rods rather than
cones. Under conditions of mild to moderate vitamin
A deficiency dark adaptation is compromised and
night-blindness results. With more severe and pro-
longed deficiency the eye becomes dry; small foamy
spots form over the conjuntival surface, so called

Bitot’s spots; ulcers may develop and total blindness
result.

Vitamin A derivatives, retinoids, are involved in a
complex signaling pathway that regulates gene
expression. As the foetus develops, it must not be
exposed to too much or too little vitamin A as either
can have teratogenic consequences [74]. Pregnant
women in industrialized countries should ensure that
any vitamin supplements do not result in too large in
the intake.

The role of vitamin A in the brain is poorly
understood. The retinoids control the differentiation
of neurones and a role has been suggested in memory,
sleep, depression, Parkinson disease, and Alzheimer
disease [84]. For example studies in the rat have
found retinoid receptors in the hippocampus, an area
of the brain important for memory, and that vitamin
A deficiency disrupts memory [29]. We await evi-
dence of similar effects in humans, although they are
most likely to be observed in those in developing
countries with a clinical deficiency. Given the typical
intakes in industrialized countries it is less likely that
variations in vitamin A intake within the normal
range will have functional implications.

Vitamin A deficiency is also associated with an in-
creased risk of morbidity, mortality, wasting and
stunting in children. Reductions of child mortality of
19-54% following vitamin A treatment have been re-
ported [97]. A meta-analysis of trials of vitamin A
supplementation found a decrease of 23% in mortality
[96]. Although in those with clinical signs of deficiency
growth is delayed, when Bhandari et al. [22] considered
seven double-blind trials of vitamin A supplementation
they found little or no evidence that it increases the rate
of growth. However, the evidence was not sufficient to
comment on the benefit to children with clinical
symptoms of vitamin A deficiency. Indirect benefits
may result. In Sri Lanka, Mahawithanage et al. [58]
examined the influence of Vitamin A supplementation
on the absenteeism of school children. In a randomized
controlled trial over a period of 13 months vitamin A
status improved school attendance but not the
anthropometric status of these children.

Pilch [71] considered vitamin A status in the US
National Health and Nutrition Examination Surveys
I-IIT and found some but not many individuals with
low values, but values not so low that there was a high
likelihood of functional impairment. These low values
were more common in blacks than whites and those
below the poverty line.

As supplementation increases the levels of serum
retinol in those with baseline values less than
1.05 umol/l, this value has been taken as an indication
of potential suboptimal status. In the USA 16.7-33.9%
children aged 4-8 years and 3.6-14.2% children aged
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9-13 years, depending on sex and racial/ethnic group,
had serum values below this level [9].

lodine

Worldwide iodine deficiency disorders are amongst
the most common nutritional problems. It is clear
that in areas of low iodine provision there are serious
implications for schooling and economic develop-
ment. Worldwide it has been estimated that this
deficiency afflicts over one billion people [34]. The
only confirmed function of the trace element iodine is
the role played in the synthesis of thyroid hormones.
Thyroid hormones play a critical role in the metab-
olism of all cells and in the early growth of most
organs, in particular the brain. Zimmermann and
Delange [105] suggested that a low level of thyroid
stimulating hormone in the newborn could indicate
mild iodine deficiency in late pregnancy, an impor-
tant observation as brain development in humans is
particularly rapid at this stage. A deficit of iodine and/
or thyroid hormone during this critical period will
result in irreversible problems of brain development.
A Turkish study demonstrated, using imaging tech-
niques, that the levels of N-acetylaspartate, an amino
acid found in neurones that is used as an index of
neuronal density, was lower in the frontal white
matter, parietal white matter and the thalamus of the
brains of neonates living in a iodine deficient area.
After treatment with thyroxine the levels returned to
normal [1].

A lack of iodine during a critical period in brain
development, the end of the first trimester and the
early part of the second trimester of gestation, is
associated with cretinism and a reduction in intel-
lectual ability. However, only 5-10% of those with
Iodine Deficiency Disorder will develop cretinism,
even when there is a serious lack of iodine in the
diet. In those who appear normal there is some
evidence that psychological functioning may be
compromised. In China it has been calculated that in
areas with severe iodine deficiency there is a loss of
10-15 IQ points in those who are apparently normal
[85]. In Papua New Guinea performance on tests of
visual perception and motor control was better in
children, aged 10-11 years, if their mothers had
higher levels of thyroid hormones in their blood
during pregnancy [70]. Similarly there are general
problems of psycho-motor coordination and hearing
that respond to iodine supplementation during
childhood [8, 25, 96].

There are also claims that in later life impaired
mental functioning may be associated with reduced
levels of circulating thyroxine, although the evidence
behind such claims is less substantial. The data from

randomized trials that have examined the effect of
iodine supplementation on cognitive performance are
limited. For example the iodine supplementation of
10-12 year old moderately iodine-deficient children,
in rural Albania, resulted in improved information
processing, fine motor skills, and visual problem
solving [104]. In a ten year prospective study 11 of 16
children born in a moderately iodine-deficient area of
Italy developed attention deficit hyperactivity disor-
der (ADHD): in contrast not one child out of the
eleven followed up in a marginally iodine-sufficient
area received the diagnosis [92]. Zimmerman [103]
after reviewing the topic concluded that “iodine
repletion in moderately iodine-deficient school-age
children has clear benefits: it improves cognitive
and motor function; it also increases concentrations
of insulin-like growth factor 1 and insulin-like growth
factor-binding protein 3, and improves somatic
growth.”

In the United States the average level of bodily
iodine is well within the normal range established by
the World Health Organization. However, as there are
some in the population with levels below the accept-
able range the American Thyroid Association has
recommended iodine supplements during pregnancy
and lactation, and that all prenatal vitamin/mineral
preparations should contain iodine [13]. Zimmer-
mann [103] reported that the iodine requirement in-
creases during pregnancy and suggested that the
recommended intake should be in the range of 220-
250 pg/day. The World Health Organization recom-
mends that the urinary iodine concentration should
be greater than 250 pg/l and but less than 500 pg/l, a
range that suggests that many pregnant women in
Western Europe have inadequate intakes. After
reviewing the literature on iodine status in Europe,
Zimmermann and Delange [105] found that although
“most women in Europe are iodine deficient during
pregnancy, less than 50% receive supplementation
with iodine” and concluded that in “most European
countries, pregnant women and women planning a
pregnancy should receive an iodine-containing sup-
plement (approximately 150 ng/day)”. The long-term
implications for the child of a mild iodine deficiency
during pregnancy are unclear as there are no long-
term studies [103].

Iron

In both industrialized and developing countries it is
well established that both marginal and deficient in-
takes of iron are common. The deficiency disease,
iron-deficit anaemia, is associated with general
tiredness, lowered mood and an inability to concen-
trate and remember. Although iron shortage is a
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particular problem in the developing world, it is also a
widespread problem in industrialized countries. It has
been estimated that about 20% of the world’s popu-
lation is deficient in iron. For example in Britain in all
children, except older boys, the mean intakes of iron
“were well below the RDA” [37]. Another British
survey found that three percent of boys and eight
percent of girls aged four to six years had blood
haemoglobin levels below 11.0 g/dl, the WHO limit
defining anaemia for children aged 6 months to
6 years. Thirteen percent of older boys and 27% of
older girls had low serum ferritin levels that may
indicate low iron stores [45]. As iron deficiency oc-
curs commonly in the USA Bogen et al. [26] studied
children, aged 9-30 months old, who attended inner-
city clinics. Eight percent were anaemic with another
7% iron deficit but not anaemic. Schneider et al. [79]
looked at children participating in the Special Sup-
plemental Nutrition Program in California. Anaemia
was found in 11.1% of those between 1 and 2 years.

There is increasing evidence that low iron status
adversely influences psychological functioning that is
believed to result from decreased activity of iron-
containing enzymes in the brain, in addition to re-
duced haemoglobin synthesis [67, 73]. When the
body is short of iron it is preferentially directed
away from the brain to make red blood cells. It is
therefore possible that the levels of iron in an indi-
vidual’s brain will become depleted when the intake
is marginal, although the individual may not be as
yet anaemic.

The extensive literature on the influence of iron
deficiency has been reviewed on many occasions.
Iannotti et al. [50] found in 26 controlled trials of the
impact of children living in developing countries that
reduced cognitive and motor development were ob-
served in iron-deficient or anaemic children, partic-
ularly if it was of a longer-duration. Sachdev et al. [76]
similarly reviewed the literature and concluded that
“iron supplementation improves mental development
score modestly: in children over seven years the effect
size was 0.41 (95% CI 0.20-0.62) when IQ scores were
examined.” Lozoff [57] concluded that “there is
compelling evidence that 6- to 24-month-old infants
with iron-deficiency anemia are at risk for poorer
cognitive, motor, social-emotional, and neurophysi-
ologic development in the short- and long-term.” In
addition the age at which iron deficiency occurs is
important Beard and Connor [12] concluded that
there is evidence that in early life iron deficiency re-
sults in delayed development and if it occurs early in
life the problems persist even if subsequently the in-
take of iron is adequate. In contrast the consequences
of iron deficiency in preschool and older children
appear to be reversed by a subsequently adequate

supply.

It has been shown on a number of occasions that
iron deficiency changes the myelination of neurones
and dopamine metabolism, changes that persist when
iron was deficient in the neonatal period. Based on
animal studies Lozoff [57] concluded that a deficiency
of iron during the spurt in brain growth results in
alterations in metabolism, neurotransmission and
myelination. For example pregnant rats were fed a
diet that either contained iron or was deficient
[99], although subsequently the pups were fed an
iron-sufficient diet. There was less myelination of
subcortical white matter and the fimbria of the hip-
pocampus. Behavioral impairments, for example a
poorer righting reflex, also resulted.

Although the majority of double-blind placebo
controlled studies on this topic have been carried out
in the developing world, it would be surprising if the
conclusion that improved iron status improves psy-
chological functioning was not supported in indus-
trialized countries. For example in an inner-city
English sample of 18 month old children, Aukett et al.
[7] found that those who received iron supplements
for 2 months, in a double-blind trial, had an increased
rate of weight gain and achieved more than the ex-
pected psycho-motor development.

The importance of a marginal intake of iron is
unclear, where reserves are depleted although anae-
mia has not developed. The topic has been subject to
little examination, although Bruner et al. [27] noted
that 25% of adolescent girls in the USA are iron
deficient. In a double-blind trial they found that the
iron supplementation of non-anaemic but iron-defi-
cient adolescent girls improved verbal learning and
memory.

Kretchmer et al. [52] listed key unresolved ques-
tions as establishing the relative effect of acute and
chronic iron deficiency; considering the importance
of the severity of iron deficiency; examining the bio-
logical, psychological and social consequences of
deficiency to establish the causal mechanism.

Zinc

Maret and Sandstead [61] estimated that 20% of the
world population was zinc deficient. They found that
the study of rodents and non-human primates has
shown that zinc deficiency during gestation and
suckling results in behavioral impairment that per-
sists in spite of a subsequent adequate intake. Zinc
plays a central role in the growth of cells. It is in-
volved with the activity of over two hundred enzymes,
in particular those necessary for the synthesis of RNA
and DNA. It is found in high levels in the brain where
it plays both structural and functional roles [24]. A
deficiency of zinc slows growth and delays sexual
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maturation. In a Cochrane review Mahomed et al. [59]
summarized trials that involved over 9,000 mothers
and their babies and found that supplementation re-
sulted in a 14% reduction in preterm births although
the number of low birth weights was not reduced. The
studies came from both developing and industrialized
countries.

When considering the developmental role of zinc
the age of the child may be important. Low levels of
plasma zinc have been reported during infancy and
adolescence, times of rapid growth [28]. In juvenile
monkeys zinc deficiency was associated with reduced
activity and poorer memory and attention [42]. A
review of the animal studies noted that the decline in
food intake associated with zinc deficiency may result
in other nutritional deficiencies. Severe zinc defi-
ciency during the period of brain growth has a similar
impact to protein-energy-malnutrition [43]. In
immature animals zinc deprivation increases emo-
tionality, decreases appetite, reduces activity and
disrupts memory and attention. At a physiological
level there is increasing evidence that zinc is involved
in the development of NMDA receptors, a site at
which glutamate acts as a neurotransmitter, particu-
larly in the hippocampus a region of the brain in-
volved in learning and memory [55].

In humans there is also a need to distinguish the
age when zinc supplementation took place. Wasan-
twisut [96] concluded that in particular preterm in-
fants benefit from zinc supplementation. There is
evidence that when it is given to the mother, or with
the new-born it is added to the milk, that zinc may
have an impact. In Canada low birth-weight babies
were randomly allocated to a baby formula with or
without a zinc supplement and their development was
assessed for 12 months. Those with the additional
zinc grew more quickly and displayed better motor
development [38]. Similarly low zinc status has been
associated with decreased activity in Indian children
[78] and poorer attention in Egyptian infants [51]. It
seems possible that any influence of zinc may prove to
be mediated via changes in activity or emotionality.

In contrast in older children there is less evidence
that zinc supplementation has a beneficial impact on
cognition. However, in Canada zinc supplementation
of 5-7 year old boys, for 12 months, did not influence
attention span or taste acuity although a sub-group of
boys with low hair zinc levels responded with in-
creased growth [41]. A study of Chinese children,
aged 6-9 years, for the first time reported that a
zinc supplement improved neuro-psychological
functioning [68]. This study also found that zinc when
combined with other micro-nutrients had a larger
influence on growth rate than either zinc or the other
micro-nutrients by themselves. A meta-analysis found
that zinc supplementation had a significant yet small

influence (0.22 of a standard deviation) on the growth
on children up to 13 years of age [22].

There are reports in American samples that ele-
vated serum copper and depressed plasma zinc levels
both found in those with a history of aggression [94].
Animal studies have also related a zinc deficiency diet
during gestation to aggression when adult [69]. Ar-
nold and DiSilvestro [6] reviewed the evidence that
zinc deficiency may play a role in ADHD. They found
numerous cross-sectional studies that reported lower
zinc tissue levels in children who have ADHD, com-
pared to normal controls or population norms. They
noted that the positive findings from placebo-con-
trolled trials came from Turkey and Iran, areas with
suspected endemic zinc deficiency. They concluded,
however, that it was unclear how the evidence applies
to middle-class American children. Arnold et al. [5]
therefore related serum zinc to parent and teacher
ratings of inattention and found a significant negative
relationship. There remains a need for intervention
trials in countries where the zinc in the diet is not
particularly low.

In summary, although the role of zinc in brain
functioning is poorly understood it is essential both
before and after birth for normal development. A
deficiency in late pregnancy impairs neuronal repli-
cation and synaptogenesis. Irrespective of the mech-
anism, a deficiency in animals disrupts learning and
memory later in life. Sandstead [77] noted that it was
unknown if similar influences occur in humans but it
was possible that a zinc-induced disruption of foetal
growth had long-term consequences for brain func-
tioning.

Choline

Choline can be made by the body but is classified, at
least in the USA, as an essential nutrient as the de-
mand cannot be satisfied by de novo synthesis. It has
three major functions: it is a precursor for the neu-
rotransmitter acetylcholine, the methyl donor betaine
and phospholipids. Zeisel [100] concluded that cho-
line is critical while the foetus is in the womb: “when
it influences stem cell proliferation and apoptosis,
thereby altering brain and spinal cord structure and
function and influencing risk for neural tube defects
and lifelong memory function.” Neonates have a
higher level of plasma choline (40 pg/l) than adults
(7-20 pg/l) although values fall during the first year of
life [30]. As choline influences the proliferation of
stem cells and apoptosis it alters the structure and
functioning of the brain. Zeisel and Niculescu [102]
suggested that in rodents memory is permanently
enhanced if they are exposed to choline towards the
end of gestation. Similarly a deficiency during this
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sensitive period for brain development is associated
with deficits in memory and cognition. In animals
Zeisel [101] concluded that the evidence that choline
influenced the hippocampus, an area of the brain
involved with memory, was compelling, although we
await evidence of similar effects in humans. McCann
et al. [62] reviewed thirty-four animal studies that had
related the availability of choline during gestation to
subsequent neurological functioning. They concluded
that “choline supplementation during development
results in improved performance of offspring in
cognitive or behavioral tests.”

Although there is substantial evidence that choline
plays an important role in brain development there is
to date no reason to suggest that in humans its pro-
vision limits neural development. After reviewing the
topic Colombo et al. [30] were unable to find evidence
that there was a beneficial effect of supplementing
infant formulae with choline.

Folic acid

A role for folate in the prevention of neural tube
defects is well established so that women capable of
becoming pregnant are encouraged to consume this
vitamin [72]. Adequate folate status is important for
the normal growth of the foetus, as supplementation
during pregnancy has been found to decrease the
incidence of immaturity [11] and to favourably affect
the weight and the condition of the newborn child
[86]. Mental retardation is associated with genetically
determined errors of folate metabolism [54]. In
rodents the feeding of a diet low in folate to pregnant
mothers adversely influenced the maze learning abil-
ity of the offspring [98] and there are adverse con-
sequences for brain development [31]. After reviewing
the topic Reynolds [75] concluded that folates were
of fundamental importance for brain development,
effects that probably reflect an influence on nucleotide
synthesis, DNA integrity and transcription.

However, although the possibility arises that folate
status during pregnancy may influence human brain
development, there are only two studies of the influ-
ence of the folate status of the mother during preg-
nancy on child development. Gross et al. [46] found
that infants born to mothers with severe folate defi-
ciency during pregnancy showed abnormal or delayed
development. However, Tamura et al. [88] reported
that the folate status of mothers in the second half of
pregnancy had little impact on the neurodevelopment
of their children at five years of age. They suggested
that the most likely explanation of the discrepancy in
the results of these two studies was that in the latter
the classification of low-folate status relied on bio-
chemical measures rather than clinical signs such as

megablastic anaemia. As both these studies took place
before the fortification of grain products it may prove
impossible to further study the phenomenon in
countries where this occurs.

Al-Tahan et al. [2] considered the dietary intake
and the folate status of adolescents living in Europe.
In girls they found evidence for a possible deficiency
of folate and that the wide variations in intake made a
deficiency likely in parts of the population.

Vitamin B,

If appropriate care is not taken when constructing a
vegetarian diet problems can result. Vitamin B,, at-
tracts particular attention as only animal products
offer significant amounts, although milk, cheese and
eggs offer a source for the vegetarian. Vegans, who
consume no animal products, are advised to take a
vitamin B;, supplement although many vegan foods
are fortified. The primary functions of this vitamin
are roles in the formation of red blood cells, the
synthesis of DNA and the maintenance of a healthy
nervous system. Deficiency can result in pernicious
anaemia with consequent tiredness, breathlessness
and fatigue. Vitamin B;, plays a role in the metabo-
lism of the fatty acids needed to produce myelin the
sheath around the neuronal axon. Thus deficiency can
result in vitamin B;, neuropathy with its associated
degeneration of nerve fibres and irreversible brain
damage.

However, if carefully planned, vegetarian diets can
be adequate at all stages of the life cycle including
pregnancy, lactation, infancy and childhood. A review
considered potentially problem nutrients for vege-
tarians that include protein, iron, zinc, calcium,
vitamin D, riboflavin, vitamin B,,, vitamin A, n-3 fatty
acids and iodine. It concluded that needs may be met
by a vegetarian diet although in some cases by using
fortified foods [4].

Louwan et al. [56] related impaired cognitive
functioning to a marginal vitamin B,, status. Control
subjects performed better on a range of psychological
tests than those with a low vitamin status due to the
consumption of a macrobiotic diet. There was a sig-
nificant correlation between the degree of cobalamin
deficiency and a non-verbal measure of intelligence.
As a deficiency can cause brain damage in infants an
adequate supply of vitamin B;, is particularly
important for children and pregnant or breastfeeding
women. Graham et al. [44] reviewed the long-term
consequences of vitamin B, deficiency in infancy and
reported a consistent clinical pattern of irritability,
anorexia and failure to thrive associated with marked
developmental regression and poor brain growth. For
example von Schenck et al. [93] described a fourteen
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month boy with severe dietary vitamin B, deficiency
that resulted from the vegan diet of the mother.
Magnetic resonance imaging (MRI) of the brain
showed severe frontal and fronto-parietal atrophy.
After six weeks of vitamin B,, supplementation the
EEG became normal and MRI showed that the
structural abnormalities had disappeared. Unfortu-
nately at the age of two years cognitive and language
development remained seriously retarded suggesting
that vitamin B, deficiency in infancy may have last-
ing consequences. Louwman et al. [56] examined the
cognitive functioning of adolescents, aged ten to six-
teen years, who had marginal vitamin B,, status from
the consumption of a vegan diet up to an average age
of six, but who had subsequently consumed a vege-
tarian or omnivorous diet. They found that vitamin
B,, deficiency up to the age of six was associated with
poorer fluid intelligence as adolescents. A strict vegan
diet in early childhood was associated with a poorer
vitamin B, status in later life even when a vegan diet
was not subsequently consumed.

Other vitamins

The idea that a clinical deficiency of thiamine may
disrupt cognitive functioning is readily accepted as
problems of memory can occur in the late stages of
the deficiency disease Beri beri. It is, however, inter-
esting to recall the study of Harrell [48] who exam-
ined children who ate a diet that supplied 1 mg of
thiamine a day. The Recommended Daily Allowance
for the boys in this study was 1 mg a day, and for girls
it was 0.9 mg. A priori this diet would have been said
to supply an adequate amount of thiamine. Yet after
taking 2 mg thiamine, each day for a year, in a dou-
ble-blind study those who took the vitamin were
significantly taller, had better eye-sight, quicker
reaction times, and scored better on tests of memory
and intelligence. Such an isolated finding is difficult to
evaluate but the study was well designed, the outcome
was striking and deserves some attention.

Vitamin Bg is a co-factor for decarboxylase en-
zymes that are important in the synthesis of amino-
acid neurotransmitters. Animal research has found
that vitamin By deficiency during gestation and
lactation alters the functioning of the N-methyl-D-
aspartate receptor (NMDA) thought to be important
in learning and memory [47]. Numerous studies
report that some pregnant and lactating women have
an intake of vitamin B¢ below the recommended
levels, such that the vitamin status of the infant is
affected. Low vitamin B¢ status has been associated
with the slower growth of breast-fed infants [49]. In
Egyptian infants the level of vitamin B4 in the moth-
ers’ milk predicted how often the child cried. Mothers

with low levels of vitamin B4 were less responsive to
their child’s distress. The authors concluded that low
vitamin B¢ status influenced both the behavior of the
child and the mother [63]. Although it has been
suggested that there is a relationship between vitamin
Bs intake and autism a critical review [65] rejected
most studies on methodological grounds leaving only
three studies that were of satisfactory design. They
concluded that due to the small number of studies,
small sample sizes and the methodological quality, the
use of vitamin Bg-magnesium as a treatment for aut-
ism could not be recommended.

Multi vitamins/mineral supplements

Although there are many studies of particular micro-
nutrients it is likely that in many instances a diet that
is deficient in one respect will be deficient in others.
Nutrients do not function in isolation. Given that
most poor diets will result in an inadequate intake of
a range of nutrients, it is arguable that it is more likely
that a positive response will come from the use of a
multi-vitamin / mineral supplement. It is possible that
on occasions a beneficial response to the supple-
mentation of a single deficient nutrient has not been
observed because the functioning of other aspects of a
chain of necessary reactions has been inhibited by
other deficiencies. Thus a case can be made for
examining the response to a multi-vitamin / mineral
supplement.

SUMMIT [83] compared mothers in Indonesia who
received either a multi-micronutrient supplement or a
combination of iron and folic acid. In a double-blind
trial involving 31,290 pregnant women there was an
18% reduction in early infant mortality after taking
the multi-micronutrients rather than iron and folic
acid, and a 14% reduction in the incidence of low
birthweight. In double-blind trial Vazir et al. [91] gave
a drink fortified with micronutrients to Indian chil-
dren aged 6-15 years with middle-income parents.
Over a 14 month period supplementation improved
attention/concentration but not intelligence, memory
or achievement in school. Similarly Kumar et al. [53]
gave a supplement of iron, iodine, calcium and seven
vitamins to 7-11 year old Indian children. With four
out of the seven memory tests, and a test of attention,
those receiving supplementation had better scores
than a control group, although a measure of intelli-
gence was not influenced.

It is more controversial to suggest a benefit of mi-
cro-nutrient supplementation in industrialized coun-
tries. In the United Kingdom Benton and Roberts [21],
in a randomized double-blind placebo controlled
study, gave children aged 12-13 years either a placebo
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or a multi- vitamin/mineral supplement for eight
months. Whereas scores on a verbal intelligence were
not influenced by supplementation, scores on a non-
verbal test of intelligence increased significantly.
When Benton [16] reviewed the topic he found ten out
of thirteen studies had reported a positive response in
at least a sub-group of children. Importantly the re-
sponse was always with non-verbal and never with
verbal measures of intelligence. This highly selective
response suggested a genuine phenomenon.

More recently Osendarp et al. [66] for a year gave
children aged 6-11 years, in Australia and Indonesia,
drinks that contained two minerals and five vitamins,
or omega-3 fatty acids, or both. In both girls and boys
in Australia and girls in Indonesia those receiving the
micronutrients rather than a placebo had better
scores on tests of verbal learning, although neither
general intelligence nor attention were influenced.
The omega-3 fatty acid supplementation did not
influence any of the cognitive tests. It was concluded
that “in well-nourished school-aged children, fortifi-
cation with multiple micronutrients can result in
improvements in verbal learning and memory.”

Benton [16] concluded that the topic was at an
early stage and there was a need for large-scale trials
that considered the composition of the supplement,
the dietary styles of the children and the nature of the
influence on cognition. Which of the nutrients in the
multi-vitamin / mineral supplements were important
and at what dose are questions that have not been
addressed? There is no suggestion that all children
respond, in fact it has been suggested that it is a
minority. An explanation for the inconsistencies in
this area is that it is possible that only children who
are poorly nourished respond to supplementation.
Benton and Buts [18]studied children in seven Bel-
gium schools who kept a daily diary for fifteen days. It
was a minority of children who responded to sup-
plementation in this study, those whose diets offered a
low intake of a range of micro-nutrients. It appeared
that rather than suggesting that the micro-nutrient
supplementation was improving intelligence it was
more accurate to suggest that a poor diet was detri-
mental. These children tended to come from less
economically privileged areas and from schools for
the less academically able.

Externalizing

In industrialized societies there have also been sug-
gestions that a diet sub-optimal in micro-nutrients
may in adolescents predispose to anti-social behavior
[17]. Schoenthaler et al. [80] examined the influence
of vitamin/mineral supplementation in a double-blind
trial. In imprisoned juveniles with a diagnosis of

‘Aggressive’ using DSM-III criteria, over three months
the incidence of violence was 28% less in those
receiving a supplement rather than placebo. When
blood samples taken before and after supplementa-
tion were considered there was no difference in the
incidence of violence in those whose vitamin status
did not change during the study. In those whose
vitamin status improved there was a marked decline
in the incidence of violence. The assumption was that
an improvement in vitamin status is indicative of an
initially poor vitamin status and that over time sup-
plementation had replenished reserves. Similarly a
well designed study [40] found that the disciplinary
record of young offenders responded to micro-
nutrient supplementation. The greatest reduction
occurred in more serious violent offences. It this
study it is unclear whether the response was to
vitamins, minerals or fatty acids, although previous
research suggested that all may be involved. The im-
pact of micro-nutrient supplementation has also been
studied in school-children [81]. Violent and non-
violent delinquency was measured using the official
school disciplinary record. During the 4 month
intervention those receiving the supplements were
disciplined significantly less frequently than those
taking the placebo. It was suggested that there was a
general decline in “impulsive misconduct.” Thus
there are three well designed studies that report a
decrease in anti-social behavior after consuming
vitamin/mineral supplements. Although the findings
are suggestive, additional evidence will be required
before the phenomenon is widely accepted and the
active ingredients and doses have been established.

Discussion

It has been commonly asked whether there are critical
periods during which micro-nutrient deficiencies
results in changes in brain development that have
long-term consequences. It is widely accepted that the
rapid rate of growth of the brain during the last third
of gestation and the early postnatal stage makes it
vulnerable to an inadequate diet. It has become
apparent that at this stage certain nutrients are more
likely to be influential than others. The implications
of a nutrient deficiency will depend on the stage of
development, the degree to which provision is defi-
cient and for how long it lasts.

Between 24 weeks after conception and birth the
brain develops from a mostly smooth structure with
two lobes to an organ that in external appearance
resembles the adult brain. The process of myelination
and the development of synaptic connections begins
prior to birth. Myelination is the major cause of the
increase in the size of the brain; it begins in the last
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third of gestation but continues into adulthood. The
brain of a full-term infant has many more synapses
than the adult but this is followed by apoptosis,
or programmed cell death. The rate that it occurs
depends on the area of the brain [89]. For example the
number of synapses in the visual area peak about four
months after birth after which it falls to reach adult
levels about 5 years of age. A similar profile occurs for
the areas dealing with language and hearing, although
the peak number of synapses occurs about 8 months.
The pattern differs with the pre-frontal cortex, the
area of the brain that deals with the planning and
organization of behavior. In this instance the number
of synapses peak about one year of age and the adult
number is reached about 15 years of age. Clearly there
are important aspects of brain development that take
place after the first 3 years. These patterns of creating
and destroying synapses raise the question of possible
critical periods during which both environmental
stimulation and nutrition may be influential. How-
ever, Thompson and Nelson [89] stressed that critical
periods are not typical of human development as they
imply a narrow window of opportunity. Rather they
suggest, given the longer time period, that they are
better described as sensitive periods. For example
exposure to speech in the first years encourages the
ability to discriminate sounds and exposure to visual
stimulation in the first few years is essential for some
aspects of visual processing such as binocular depth
perception. It is tempting to suggest the use of such
profiles to direct the choice of tests of neural func-
tioning when the adequacy of nutrition is varied at
different stages of development. However, Georgieff [39]
noted that such an approach is impracticable as infants
have a limited range of behavioral expressions although
by four months, as the cortex plays a greater role, the
possibilities of the measurement of cognition increase.
In addition the effects of particular aspects of nutrition
can be global or alternatively several nutrients can havea
similar influence, for example protein-energy, iron and
zinc malnutrition all influence the development of the
hippocampus and hence memory. Alternatively the
underlying mechanism may be general such that it
cannot be assessed by a specific test. For example
Kretchmer et al. [52] suggested that iron status influ-
ences attention or arousal that in turn may effect many
aspects of cognition.

Although all nutrients play a role in brain devel-
opment some are critical, because they play important
roles and are more likely to be deficient. Georgieff
[39] concluded that the “rapidly developing brain is
more vulnerable to nutrient insufficiency” and that
certain nutrients have a greater effects on brain
development than others including “protein, energy,
certain fats, iron, zinc, copper, iodine, selenium,
vitamin A, choline, and folate”.

Iron is rapidly taken up by the foetus during the
last trimester of pregnancy and is needed for the
production of the neurotransmitter dopamine, mye-
lination and energy metabolism [12]. Iron deficiency
in the perinatal period reduces oxidative metabolism
in the frontal cortex and hippocampus. De Deungria
et al. [33] concluded that “perinatal iron deficiency
differentially reduces neuronal metabolic activity,
specifically targeting areas of the brain involved in
memory processing”. Although the majority of work
on the implication of iron deficiency have been car-
ried out using animals, Tamura et al. [87] assessed
iron status by measuring the level of ferritin, the
storage protein for iron, in the umbilical cord of 278
children. At the age of 5 years those with the lowest
values had a poorer language and fine-motor skills.

However, received wisdom is that in industrial-
ized societies, beyond the early years of life, the
consumption of a balanced diet is likely to result in
an adequate intake of micro-nutrients such that
supplementation should not be beneficial. This view
that deficiencies are unlikely relies greatly on the
relationship between assessments of dietary input
and the population needs for micro-nutrients as
summarized as Dietary Reference Values or Rec-
ommended Daily Amounts [36]. The preamble to the
British Dietary Reference Values [35] puts these
norms into context. They state that “some nutrients
may have a variety of physiological effects at dif-
ferent levels of intake. Which of these effects should
form the parameter of adequacy is therefore to some
extent arbitrary.” In no instance have psychological
or behavioral indices been the measure of adequacy
used when deriving these reference values. Yet
Benton [15] noted that the first symptoms associated
with micro-nutrient deficiency are often psychologi-
cal and that in well controlled double-blind trials
micro-nutrient supplementation has been reported
to improve mood, memory and attention. For
example, in a double-blind trial thiamine supple-
mentation was found to improve mood, although as
judged by the usual physiological index of bodily
status, erythrocyte transketolase activation, the
population was well nourished prior to supplemen-
tation [19, 20]. Similarly Harrell [48] reported that
improved cognition resulted from thiamine supple-
ments in children whose diet already supplied the
recommended level.

Why might psychological variables prove more
susceptible to micro-nutrient status than disease
states? The brain is the most complex and metaboli-
cally active organ in the body, thus behavior
reflects the summated outcome of countless millions
of metabolic processes. In this way even minor met-
abolic inefficiencies could create a cumulative adverse
effect. Small changes in micro-nutrient status,
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responsible for differences of only a few percent in the
activity of a single enzyme could, when multiplied
several million-fold, result in a noticeably different
output. If this argument has validity then the func-
tioning of the brain, given its complexity, would be
expected to be the first organ to demonstrate dis-
rupted functioning. The progression of disease can
take place over decades making the impact of diet
difficult to demonstrate, in contrast the output of the
brain is almost instantaneous and hence maybe more
easily observed.

However, as psychological measures are unfamiliar
to most nutritionists, as an alternative one of the
many ways in which marginal deficiencies could
potentially influence neural functioning is discussed.
The decarboxylase enzymes are important in the
metabolism of a range of neurotransmitters including
serotonin, dopamine and noradrenaline and have as a
coenzyme pyridoxal phosphate, the form in which
vitamin B4 occurs most commonly in the diet. There
is evidence of marginal intakes of this vitamin. Using
a biochemical measure of pyridoxal phosphate status
there was a sub-group of about ten percent of British
children who were deficient [45]. In males the inci-
dence of deficiency increased with age. In young
British adults 27.7% of males and 36.6% of females
were deficient as judged by the same measure [20].
Bender [14] concluded that although a gross defi-
ciency was rare a marginal inadequacy of vitamin Bg
was relatively common, to the extent that it affected
amino acid metabolism and the functioning of steroid
hormones. In rats varying the dietary intake of vita-
min Bg was found to increase the serotonin content of
various areas of the brain. It was suggested that this
reflected the role of pyridoxal phosphate in the reg-
ulation of the decarboxylation of 5-hydroxytrypto-
phan. A continuum existed from deficiency to a
moderate excess that was associated with the rate of
the synthesis and release of serotonin [32]. Such data
indicate one mechanism by which a marginal intake
of a micro-nutrient could influence neurochemistry
and hence psychological measures.

In summary what conclusions can be drawn and
advice offered about the intake of micro-nutrients? It
is obvious to suggest that attention should be given in
the developing world to the fortification of food where
micro-nutrient deficiencies exist [64]. For example
South Africa has developed a National Food Fortifi-
cation Program of wheat, maize flour and sugar to
which calcium, iron, zinc, vitamins A, B, B,, Bs, B¢
and folate are added. However, Uauy et al. [90] make
the important point that in developing countries at-
tempts to improve nutrition should be aware that
obesity and its associated problems may develop: that
is stunted growth and micronutrient deficiencies may
coexist with obesity. Although the origins of obesity

are complex the pattern of prenatal and postnatal
growth are contributing factors [10]. Uauy et al. [90]
suggested that attempts to prevent malnutrition
should “emphasize improvements in linear growth in
the first 2-3 years of life rather than aim at gaining
weight”.

In industrialized societies received wisdom is that
women who are or who are planning to become
pregnant should take a folic acid supplement to
decrease the risk of birth defects. Although after a
Cochrane review [60] concluded that “there is not
enough evidence to evaluate the effects of vitamin D
supplementation during pregnancy”, in some coun-
tries supplementation is recommended. For example
in the United Kingdom the recommendation is that
supplementation should aim to achieve an intake of
10 pg/day [35]. If blood iron levels become low it may
be supplemented under medical supervision. A large
intake of vitamin A, from diet and supplements, is not
advised for those who are pregnant as birth defects
may result. In children between 6 months and 4 years
the UK Department of Health recommends the taking
of supplements of vitamins A, C and D. These rec-
ommendations reflect a general concern about the
body rather than a specific concern about the brain:
vitamin A is needed for vision and skin, vitamin C for
bones and body tissues, vitamin D for general growth,
bones and teeth. After this stage, the conventional
advice is that those consuming a balanced diet will
obtain the micro-nutrients they need as they are
inevitably associated with macro-nutrients. However,
the Committee on Nutrition of the American Acad-
emy of Pediatrics [3] suggested that it might be
appropriate to use supplements where individuals are
unable or unwilling to consume an adequate diet:
such as those with poor eating habits, those dieting,
those eating a strict vegetarian and pregnant teenag-
ers who are likely to need both iron and folic acid. We
await further evidence before conclusions are war-
ranted concerning the possible cognitive benefits of
supplementation in those with sub-clinical deficien-
cies.
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