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MULTIPLE SCLEROSIS: VITAMIN D AND CALCIUM AS
ENVIRONMENTAL DETERMINANTS OF PREVALENCE

(A Viewpoint)

Part 2. Biochemical and Genetic Factors

P. GOLDBERG
Research Laboratory, Polaroid Corporation, Cambridge, Mass. 02139, U.S.A.

(Received November 6, 1973)

According to the vitamin D hypothesis, demyelination in multiple sclerosis results from a breakdown of myelin due
to abnormal lipid composition and structure, produced during the period of brain development. The observed
abnormalities (altered lipid concentrations and fatty acid profiles) are viewed as a consequence of deficiencies in
enzymes that govern myelin lipid synthesis and membrane assembly. The enzyme deficiencies, genetic in origin, are
proposed to occur because of inadequate supplies of vitamin D and calcium at times of rapid myelination and
growth, mainly in adolescence. If the theory proves to be correct, it may be possible to suppress the disease by
dietary supplementation with vitamin D and calcium during puberty.

INTRODUCTION

The first part of this report1 deals with the principle
findings in the epidemiology of multiple sclerosis
(MS). It was proposed that the geographical
distribution of MS correlates negatively with the
availability of vitamin D and calcium, as deter-
mined by geoclimatic and nutritional factors in the
environment. In this part, the consequences of
these environmental influences for the developing
central nervous system are analyzed. I shall attempt
to link nutrition to specific biochemical processes
that determine myelin composition, and to show
how this link, modified by genetic factors, estab-
lishes a predisposition for MS.

WHITE MATTER LIPIDS

1. Abnormal Lipid Content of Normally Appearing
White Matter

The vitamin D hypothesis would be strengthened
if it were possible to demonstrate a relation between
a deficiency of vitamin D and any of the pathologic
or physiologic changes that characterize MS in
man. Evidence exists to indicate that this link is
plausible and involves the relation between myelin

lipid metabolism and the vitamin.
A specific physiologic condition that appears to

be characteristic of MS is the abnormal lipid con-
tent of normally appearing white matter (NAWM)
in MS brain. Since the first reports by Cumings,2 '3

other investigations have appeared supporting the
abnormal nature of such white matter. Useful sum-
maries of the literature have been given by Adams,4

Ailing et al.s and McAlpine et al.6

Most investigators of lipid content in MS brain
have analyzed material from very few cases,
usually less than five. Discrepancies exist among
the several reports, which is understandable in
view of the demanding nature of quantitative lipid
analysis7 and the weak statistical basis of the studies.
The report by Clausen and Hansen8 is notable for
careful analytical methods and a larger sample size
(22 MS cases).

The abnormalities in myelin from NAWM
encountered by these workers fall into two classi-
fications: (i) changes in concentration of certain
lipid classes; e.g. decreased inositol and serine
glycerophosphatides and increased .cerebroside;
and (ii) changes in the fatty acid profile within a
single lipid class, e.g. decreased amounts of the
14:0, 16:1, 18:1 fractions of phosphatidyl ethanol-
amine (PE), increased amounts of 20:4 and 22:6 in
PE, increased amounts of C25:l and C26:l in
cerebroside and of C24:l in sphingomyelin>

121
†Part 1 appeared in this journal, 6, 1, 19-27, 1974.
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122 P. GOLDBERG

Gerstl et al.9 also report higher amounts of cer-
tain fatty acids, i.e. trienes and tetraenes of PE in
MS white matter.

In another investigation of lipids in NAWM
from MS brain, Ailing et al.5 report finding essen-
tially no important lipid abnormalities. Inspection
of their data, however, reveals elements of simi-
larity to the findings of Clausen and Hansen.8 Ailing
et al., reporting on a smaller number of cases than
Clausen and Hansen (six), document increased
amounts of the C22-C26 monoenes of 2-hydroxy
fatty acids in cerebrosides and sulfatides (in parti-
cular the C24:l fraction). In short, both of these
Scandanavian groups have found elevations in the
long chain fatty acid fraction of sphingolipids.
Among recent studies, only that of Suzuki et al.i0

shows no anomalous sphingolipid profiles in a
study for four test and control brains.

The issue of elevated concentrations of long
chain sphingolipids deserves special attention. The
reasons is that this finding lends strong support to
the view that the abnormalities originate during
development of the central nervous system and not,
as has been stated,11 as a consequence of the forma-
tion of incipient lesions or plaques. The sphingo-
lipids are among the most stable lipid classes found
in mammalian brain. In mouse and rat brain, for
example, the half lives are greater than 50 % of the
life span.12-13 Elevated concentrations of very
stable lipids can best be explained as occurring in
development. It cannot be argued that elevated
concentrations of the lipid fractions result from
Selective degradation of myelin components, leav-
ing behind apparently higher amounts. The cere-
brosides, in which increased amounts of lipid frac-
tions are found, are themselves present at normal
or somewhat increased levels.5-8

If, as is proposed here, the abnormally high
amounts of certain lipid fractions originate in
early life, then it is likely that at least some of the
deficiencies in phospho- and sphingolipids re-
ported by Clausen and Hansen,8 Ailing, et al.5 and
others, and the reduction in total myelin content,
9,10,14 a r e ^ Q of developmental origin.

Berry,15 from genetic arguments, and Gerstl
et al.16 from lipid analyses of MS brain, suggest
that errors of lipid synthesis may occur during early
life and predispose for MS.

Bernsohn and Stephanides17 have proposed a
model for MS based upon a dietary deficiency of
co3 essential fatty acids. Apart from inconsistencies
with MS epidemiology, which the authors them-
selves acknowledge, the proposal is not compatible

with NAWM lipid analyses. According to the authors
MS brain should be deficient in eo3 fatty acids,
C22:6 in particular. Actually, this fatty acid was
found to be present in excess amounts inNAWM.5'8

Also, deprivation of weanling rats for essential
fatty acids results in brain lipids with excess amounts
of C18:l18 and low C20:418-19 These results are
just the opposite of observations on NAWM in
MS brain.5-8 It does not appear that a deficiency of
essential fatty acids is important in the etiology of
MS.

2. Vitamin D and Calcium in Relation to Lipid
Metabolism

I propose that the lipid abnormalities occurring
during development of the central nervous system,
result from an inadequate supply of vitamin D and
calcium during myelination. In general, the several
effects of nutritional deprivation on the lipids of
brain have been noted.20 The direct role of vitamin
D in lipid metabolism has been documented in
several studies.21 Of special interest are the findings
of Thompson and DeLuca,22 Hosoya et al.23 and
Cruess and Clark,24 all of which demonstrate the
stimulatory effect of vitamin D on phospholipids.
Significantly, when the action of vitamin D is
blocked, as when actinomycin D is administered
before the vitamin, the metabolism of phospholipids
is inhibited.25 It has been suggested that vitamin D
acts at the level of genetic control.26

Three of the same lipid classes which are altered
in NAWM of MS brains> 8 are in fact accelerated by
vitamin D or calcium. The metabolism of ethano-
lamine-, serine- and inositol-glycerophosphatides
are accelerated by vitamin D22>23 and phosphatidyl-
serine is promoted by calcium.23-27 Also, Goodman
et al.28.report that vitamin D 3 affects the phos-
pholipid composition of chick microvillar mem-
brane. The types of change induced by the vitamin
are like those to be expected according to the pre-
sent hypothesis: alteration of lipid content of the
membrane and of the fatty acid profile among the
various phospholipids.

These vitamin D studies were all made on bone
or intestinal tissue of animals (chicks and rats). In
that lipid metabolism of nervous tissue is similar
in many respects to other organs,29 it appears
reasonable to propose that the stimulatory action
of the vitamin would also be found for the iipids in
central nervous tissue. Since this proposal occupies
such a key position in the vitamin D thesis, an inten-
sive computer-assisted literature search was made
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MULTIPLE SCLEROSIS—2 123

(MEDLINE30). No citations were uncovered of
investigations dealing with effects of vitamin D on
lipid metabolism in the central nervous system.
Until such investigations are performed the present
thesis is vulnerable. Several reports exist, however,
which clearly describe the neurological disorders
that result from vitamin D deprivation, both in
humans31 and in animals.32-33

The proposed theory holds that the demand
placed upon the metabolic system at the time of
rapid growth creates lipid abnormalities for a
genetically denned group of individuals. If insuf-
ficient vitamin D or calcium is available for normal
lipid metabolism, abnormalities will result in lipid
concentration or in fatty acid profiles, giving rise to
weak myelin.

It is possible to view the alterations in fatty acid
profile, and the proposed control by vitamin D
and calcium, within the larger context of physio-
logical responses to environmental change. A
variety of species, including both simple and higher
forms of life, are known to exhibit altered fatty
acid composition in response to alterations in
temperature, pressure and chemical environ-
ment. 34~3 7 In MS, the observed changes in the com-
position of myelin lipids may be considered as a
response to the altered chemical environment arising
from deficiencies in vitamin D and calcium pre-
vailing at the time of myelination.

It is the role of vitamin D and calcium in regu-
lating myelin membrane assembly which is pro-
posed to be of central importance in MS. The
biochemical mechanism by which these substances
achieve control over lipid metabolism may be
through an effect on the synthesis or activation of
enzymes involved in fatty acid metabolism.29-38

The genetic factor in MS could find expression at
the level of enzyme synthesis or activation.

GENETIC FACTORS, ENZYMES, AND
LIPID METABOLISM

Berry15 and McAlpine et a/.39, in their analyses of
genetic studies on MS, conclude that a hereditary
factor probably exists, but requires some environ-
mental stimulus for pathological expression. A
plausible explanation of this view follows from the
suggestion made here that a small percentage of the
population requires higher than average amounts
of vitamin D for the deposition of normal myelin.
MS may have some of the characteristics of what
has been described by Scriver as "vitamin respon-

sive genetic disease" in which deficient enzyme
activity is held to occur because of a genetic
factor.40 Scriver shows, for example in vitamin B6
disorders, that genetic influences can cause an
apparent vitamin deficiency despite adequate
intake. Of special importance to our discussion of
MS is the observation that expanding the coenzyme
(i.e. vatimin) pool size above normal can restore
biochemical equilibrium.40

Normal amounts of vitamin D, as a promoter of
myelination, may be similarly deficient in MS-prone
individuals because of defective enzyme function.
In geographical regions of abundant vitamin D the
greater vitamin supplies, available through the
environment, would offset the inborn metabolic
defects.

One enzyme which may be involved in the pro*
posed myelinogenetic abnormality is calcium-
dependent adenosine triphosphatase. Ca-ATPase
increases sharply in concentration in brain at the
time of rapid brain growth41 and myelination.
Also, the enzyme increases markedly in concentra-
tion in the presence of augmented amounts of
vitamin D and calcium.42

The existence of hereditary factors related to
vitamin D metabolism is important in resolving an
apparent dilemma of this theory; namely, if MS is
a disease of vitamin D deficiency, a correlation
should be noted between the occurrence of rickets
and MS. No such correlation has been reported.
Rickets does not exhibit important hereditary fea-
tures and will occur in very high percentages of the
population under conditions of D-deprivation,31

MS, however, in the areas of highest prevalence,
affects only a few tenths of one percent of the popu-
lation. According to the present theory, MS should
occur among adults having experienced rickets in
childhood only at the maximum rate set by the
genetic pool, i.e. a few tenths of 1 %.

This interplay of nutritional and genetic factors
places MS in a class with several other neurologi-
cal disorders.43

The part played by genetic factors in MS is
further revealed in the recent work of Detels et al.**
In studies of the migration of Japanese and Chinese,
low rates of MS were observed despite emigration
to areas of high risk. It appears that, in certain
oriental populations, genetic factors dominate
environmental ones in establishing susceptibility to
MS.

Application of the principles of vitamin respon-
sive genetic disease to the case of multiple sclerosis
provides an explanation of four basic facts of MS
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124 P. GOLDBERG

natural history: (i) the high risk among close
relatives of patients (existence of a defective gene);
(ii) the comparatively low prevalence, on the order
of a few tenths of one percent, in the highest risk
areas (comparative rarity of the gene in the general
population); (iii) the low rates in sunny climates
(compensation of enzyme deficiency by ample
vitamin supplies); and (iv) the low rates in certain
temperate zones, e.g. Japan (rarity of the defective
gene in some non-caucasion races).

REQUIREMENTS FOR VITAMIN D AND
THE AGE FACTOR

In order for the present thesis to be viable it is
necessary to explain the persistence of MS despite
the widespread use of antirachitic dietary supple-
ments of vitamin D. I propose that (i) the optimum
intake of vitamin D in adolescence for the attain-
ment and maintenance of good health is, for a
fraction of the general population, substantially
above the levels in present diets and (ii) the failure
to ingest the vitamin in higher amounts, particu-
larly during the adolescent growth spurt, results in a
predisposition for MS for a genetically susceptible
group. These assumptions cannot be proved at
present on the basis of available data. They are
plausible however, and explain a number of char-
acteristics of the disease and its variation with
geography and age.

1. Optimum Amounts of Vitamin D During Growth

Very little information has been published on the
optimum human requirements for vitamin D for
the older child and the adolescent. The studies of
Jeans and Stearns45 which underlie the current
nutritional practice of adding 400 i.u. per quart of
milk, were based exclusively on growth rates in
infancy. Requirements in adolescence are probably
much higher. Johnston46 shows that, in adolescent
girls, calcium absorption is increased by administer-
ing vitamin D up to 3900 i.u./day without depress-
ing effect. These high dosages are probably closer
to the optimum in this age group than is 400 i.u./
day. The dose of 400 i.u./day in infancy is equal
to about 40 i.u./day/kg of body weight at age 1 year.
During adolescence, when the growth rate and
acceleration are about equal to the values in the
first year or two of life,47 normal consumption of
vitamin D should probably be roughly 2000-3000
i.u./day because of the greater body weight.

Additional studfes are needed to establish the range
of human requirements for vitamin D during the
adolescent growth spurt.

2. The Age Factor and Brain Growth

I propose that the importance of the environment
in the age span of 10-15 years as a determinant of
risk in MS48 '49 is related to the amount of vitamin
D and calcium available during the adolescent
years of rapid growth. It is known that mild nutri-
tional deprivation during the growth spurt of the
brain can induce permanent abnormalities of
diverse types.20 In these studies, mostly on animals,
the rapid growth in the pre- or post-natal periods
is emphasized. According to the present theory, the
adolescent growth spurt and the myelogenetic
processes that occur at this time, are of central
importance in MS.

This interpretation of the "break point" in MS
prevalence at age 15 years assumes that myelination
undergoes a growth spurt at puberty. Support for
this view comes from studies of myelin development
in humans. Myelination is an extended process,
continuing in some tracts of the brain at full momen-
tum through the second decade and beyond50-51

According to Tanner47 human brain undergoes
a growth spurt at puberty. If myelination is
active at the time of the brain spurt, it can be
argued that myelin deposition experiences a spurt
as well. Yakolev states that a spurt of myelination
in certain tracts of the brain can be expected at
puberty (private communication).

Wainerdi52 has noted the significance of puberty
in MS among women. A direct relationship was
found between the average age at menarche and
the age at on-set of MS symptoms. According to
Davison53 the end of rapid myelination establishes
the time of which forces destructive to myelin can
become operative. If we assume, as discussed above,
that the rate of myelination is appreciable through-
out puberty and declines thereafter, Wainerdi's
findings may be explained as well as the occurrence
of MS mainly in adulthood.

The viewpoint expressed here is compatible with
the opinion of Kurtzke49 that "the causative agent
of MS is acquired within high risk geographic
regions when the patient is near the age of puber-
ty, ..." According to the vitamin D hypothesis the
"causative agent(s)" are identified as the environ-
mental factors inducing myelin lipid abnormalities,
specifically deficient supplies of vitamin D and
calcium.
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MULTIPLE SCLEROSIS—2 125

3. Amount of Vitamin Dfor Suppression of MS

The order of magnitude of vitamin D required for
prevention of MS, according to this hypothesis, can
be estimated by calculating the average daily dose
experienced in zones of very low risk. In sunny
areas of low prevalence, e.g. South Africa,54 the
amount of sunshine is about 3000 h annually55

Human skin produces vitamin D at an average rate
of about 7 i.u./h/cm2 under physiologic dosage of
u.v.56 If the area of exposed skin is taken to be about
200 cm2 (exposed face or arms, etc.) for a child out
of doors for about 1/3 of the sunny hours, the
average daily amount of vitamin D supplied by
sunshine is 7 X 200 x 3000 X 1/3 X 1/365 or
3800 i.u./day, i.e. nearly ten times the dietary anti-
rachitic dose. As noted above, from arguments
based upon body weight and rate of growth at
puberty, about 2000-3000 units per day are possibly
optimal. These are crude but conservative estimates.

If in fact ingestion or absorption of a few
thousand units of vitamin D will reduce the risk of
MS, it is clear why the average quality of the diet
has little bearing on the disease at present. Good
diets, even with antirachitic supplementation,
simply do not contain the amounts of the vitamin
that results from ample sunlight.

4. Toxicity of Vitamin D

It follows that the risk of MS may be significantly
reduced by dietary supplementation of vitamin D,
on the order of a few thousand units per day during
pubescence. Since such dosages are naturally
received by populations living in sunny climates,
little danger of toxicity exists. Toxicity in adults is
estimated to result from 1000 to 3000 i.u./kg/day
taken for several weeks or months.57 For a 40-kg
(88 lb) adolescent the toxic dosage would be 40,000-
120,000 i.u./day. This range is far above the amount
suggested as being prophylactic for MS.

5. The Size of the Population at Risk

The epidemiologic data are consistent with the
proposal that supplies of vitamin D in the range of
a few thousand units daily are sufficient to suppress
MS. Most people in northern latitudes do not take
in doses of this magnitude and yet the disease is
comparatively rare. The reason for this may lie in
the biochemical individuality, probably of genetic
origin, that exists within any population. Studies in
human and animal nutrition reveal a rather wide

range among individuals in the quantities of
nutrients necessary for the attainment or mainten-
ance of good health.58 If we assume, for example,
a daily dosage of 400 i.u. of vitamin D is adequate
for most people, then there will be a small percen-
tage of the population which will need substantially
more for their health, perhaps a few thousand units.
In MS, prevalences are on the order of 10-100 per
100,000 or 0-01-0-l%. This small percentage
represents the "tail" of the distribution function—
i.e. the segment of the population requiring much
more vitamin D than the average. If the distri-
bution of vitamin D requirements follows a Gaussian
curve, then 0-1% is that part of the population
falling above the +3CT limit. In order for this small
fraction to receive sufficient vitamin D, it would be
necessary for the average intake of the entire
population to be at a high level, a situation that
currently prevails only in sunny climates. In such
regions prevalences are quite low, almost non-
existent.59 In this way, the rarity of the disease in
northern latitudes and its near absence toward the
equator may be explained.

CALCIUM AND MYELIN STABILITY

A consequence of the vitamin D hypotheses is the
implication of calcium ion in control of the meta-
bolism and structural integrity of myelin. The
relationship between calcium metabolism and
vitamin D is well known. Also, the ion controls
several membrane properties which are relevant to
myelin structure and stability. On the cellular
scale, calcium is involved in the cohesive forces
among cells in membranes, controls membrane
permeability, and can exert a profound influence
over the mechanical rigidity of biological colloids.60

The solubility of brain phospholipids, e.g. phos-
phoinositides, changes dramatically upon exposure
to calcium and magnesium.61 At the molecular
level, calcium binds strongly to phospholipids.62"64

An excellent survey of calcium-phospholipid inter-
actions is given by Triggle.65

These biochemical properties of calcium may
contribute to myelin stability. This view is consis-
tent with the experiments of Wolman66 and Wol-
man and Weiner67 which show that changes in
calcium ion concentration can produce structural
degradation of myelin in vitro. From the data of
Gerstl et a/.68 I calculate that the mole ratio of
calcium to phosphorus in human myelin is on the
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126 P. GOLDBERG

order of 10~2.f At this concentration if calcium
participates in the stabilization of myelin it would
probably do so by promoting cellular adhesion.
A calcium bridge, binding together adjacent leaflets
of lipid bilayers, could impart great stability to the
total myelin structure. Too little calcium is present
for it to stabilize individual lipid bilayers. Wolman
and Wiener67 have proposed a structural model for
myelin involving calcium-sensitive bonds between
contiguous lipid layers. Kreutz69 gives an account
of the effect of calcium on the conformation of
various phospholipids, which is useful in under-
standing the contribution of calcium to myelin
membrane stability.

Calcium is also known to accelerate phospholipid
metabolism, possibly through its influence on
enzymatic reactions.23-27 This represents an addi-
tional path by which the ion could aid the growth
of normal myelin and may represent another mani-
festation of the vitamin D action in phospholipid
metabolism described above.

The emphasis here on calcium should not obscure
the potential importance of magnesium in the
structure and stability of myelin. There is nothing
in the epidemiological or biochemical data that
excludes magnesium from a prominent place in the
vitamin D hypothesis. It is simply that much more
is known about the role of calcium in the metabolic
processes of interest, and in the membrane phenom-
ena which results in its focal position in this
discussion. Seelig,70 in her review of the require-
ments for magnesium in man, cites evidence that
magnesium absorption is increased by vitamin D
and that this ion is also bound by phytate. It may
be of importance to the present thesis that human
myelin contains at least as much magnesium as
calcium68 and that, in membrane physiology,
calcium- and magnesium-dependent processes are
intimately related.

PRECIPITATING FACTORS IN MS
PATHOLOGY

The burden of this thesis is to show that the
regional environment establishes a predisposition
for MS inversely with the amount of vitamin D and
calcium available to the population. Possible mech-
anisms by which the disease is triggered remain

†The estimate is derived from these values for human
myelin: calcium: 0-82 μg/mg protein; protein: about 20%
of dry weight; lipid phosphorus: 0-4 moles/g dry weight.

obscure. The vitamin E> model offers some alter-
natives to current thinking on this matter.

If, as is suggested here, myelin lipid deficiencies
occur during maturation, a weak myelin structure
exists in the adult central nervous system. Given
this condition, comparatively mild disturbances
could upset the local biochemical environment of
myelin and lead to the failure of myelin membranes.
Autoallergic reactions71 could then ensue and pro-
duce the inflammatory state in nervous tissue that
characterizes this disease. Common viruses or an
endocrine imbalance may suffice to initiate the
process.

The possibility also exists that in some cases no
exogenous agent is involved at all. Mature abnor-
mal myelin may degrade with age if nutritional
factors are insufficient to guarantee cell stability.
Myelin decomposition would then supply sufficient
allergenic material to trigger an autoimmune
response.

CONCLUSIONS

A new theory is offered which is based upon the
action of vitamin D and calcium in reducing the
risk of MS. The concept holds that these factors
aid in the growth of normal myelin, particularly in
adolescence. This is accomplished probably through
the effect of vitamin D and calcium on enzymes
involved in myelin lipid assembly. A shortage of
these factors for a group of genetically susceptible
individuals results in myelin having abnormal
composition and diminished structural integrity,
with the consequence of a heightened predisposi-
tion for MS. The disease affects only adults because
of a protective effect afforded by the on-going
process of myelination in childhood and adoles-
cence.

These ideas are derived from a reappraisal of the
epidemiologic and biochemical data of MS. The
underlying concepts are:

1) A direct effect of sunlight exists, which de-
creases the risk of MS among populations in sunny
climates.

2) In areas of comparatively little sunshine, as
in northern Europe, the regional dietary controls
prevalence rates. A diet high in fish or fish liver
oil augments vitamin D supplies, Phytate-rich
grain foods tend to diminish the effectiveness of the
vitamin by reducing the amount of available
calcium.
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MULTIPLE SCLEROSIS—2 127

3) The biochemical consequences of the environ-
mental factors of sunshine and diet are manifest in
myelin composition. Vitamin D and calcium are
viewed as promoting the normal metabolism of
myelin lipids. Inadequate supply of these factors
results in the abnormal composition of myelin
found in normal-appearing white matter of MS
brain.

4) The increased amounts of myelin lipids of
very low turn-over rate indicate that the lipid
abnormalities are generated during development of
the central nervous system.

5) The critical period for protection against MS
may be during the adolescent growth spurt, a time
in which myelination is still proceeding at a
substantial rate.

6) The importance of phytate-rich diets in
promoting a predisposition for MS implicates
calcium as being significant in normal myelination.
Calcium may promote myelin lipid metabolism and
also stabilize the myelin sheath by strengthening
bonds between adjacent lipid bi-layers.

7) The amount of vitamin D usually consumed is
suggested to be too low for normal myelination in
a small fraction of the population. It is proposed
that the requirement for increased amounts of the
vitamin is an expression of a genetic defect, pro-
bably involving the enzyme(s) responsible for lipid
metabolism in myelination.

If the hypothesis ultimately proves to be correct,
it may be possible to reduce the prevalence of MS
by a sustained program of dietetic supplementation.
An effective plan would involve the daily admini-
stration of vitamin D, with calcium, during the
years of rapid adolescent growth.
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