
specific antigen in prostate cancer cells. Proc Natl
Acad Sci U S A. 2002;99:7408–7413.

13. Zhang M, Altuwaijri S, Yeh S. RRR-�-tocopheryl
succinate inhibits human prostate cancer cell inva-
siveness. Oncogene. 2004;23:3080–3088.

14. Zu K, Ip C. Synergy between selenium and vitamin
E in apoptosis induction is associated with activa-
tion of distinctive initiator caspases in human pros-
tate cancer cells. Cancer Res. 2003;63:6988–6995.

15. Malafa MP, Neitzel LT. Vitamin E succinate pro-
motes breast cancer tumor dormancy. J Surg Res.
2000;93:163–170.

16. Klein EA, Lippman SM, Thompson IM, et al. The
selenium and vitamin E cancer prevention trial.
World J Urol. 2003;21:21–27.

17. Heinonen OP, Albanes D, Virtamo J, et al. Prostate
cancer and supplementation with �-tocopherol and
�-carotene: incidence and mortality in a controlled
trial. J Natl Cancer Inst. 1998;90:440–446.

18. Chan JM, Stampfer MJ, Ma J, Rimm EB, Willett WC,
Giovannucci EL. Supplemental vitamin E intake and
prostate cancer risk in a large cohort of men in the
United States. Cancer Epidemiol Biomarkers Prev.
1999;8:893–899.

19. Weber T, Lu M, Andera L, et al. Vitamin E succi-
nate is a potent novel antineoplastic agent with
high selectivity and cooperativity with tumor ne-
crosis factor-related apoptosis-inducing ligand
(Apo2 ligand) in vivo. Clin Cancer Res. 2002;8:
863– 869.

Calcium Supplementation during Childhood: Long-term Effects on
Bone Mineralization
Steven A. Abrams, MD

Calcium supplementation has been shown to increase
bone mineralization in children and adolescents.
However, catch-up mineralization later in puberty
appears likely if intake is consistent with usual aver-
age intakes in the United States. Ultimately, individ-
ualized risk assessment will be developed based on
genetic and lifestyle factors that can be used to guide
optimal calcium intake during childhood.
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INTRODUCTION: OSTEOPOROSIS AS A
PEDIATRIC DISEASE

During the past 20 years, a tremendous amount of research
has demonstrated the crucial nature of the pubertal growth
spurt in determining overall bone mass of adults.1,2 It is
estimated that 25% of adult bone mass is accrued during
just 2 years of peak skeletal growth.3 Similarly, in girls ages
12 to 16 years, 850 g of bone mineral or 37% of the adult
bone mass is accumulated.4 This rapid mineralization is
accomplished by a marked increase in the fractional absorp-

tion of dietary calcium.5,6 Numerous studies have clearly
documented pediatric disease processes such as anorexia
nervosa and juvenile arthritis, in which bone mineralization
is not adequate during puberty, as leading to increased risks
of fractures.7

This understanding has led to the concept that os-
teoporosis in the elderly is a disease with strong roots in
childhood and adolescence. Resulting dietary guidelines
and position papers1,2,8 strongly support maximizing
peak bone mass during early adolescence through either
increased dietary calcium intake (naturally occurring or
in fortified foods) or supplementation if optimal intake
cannot be achieved through diet alone. Other benefits of
increased calcium intake, including lower blood pres-
sure, weight loss, and a decreased risk of cancer have
been reported in adults.9 However, the magnitude and
calcium intake level needed for these benefits in children
and adolescents remain poorly understood at present and
require critical long-term appraisal.1,2

The driving force for increasing calcium intake in
older children and adolescents has been the implicit
understanding that optimizing calcium intake during pu-
berty will provide lifelong bone health benefits that
otherwise would be lost. Therefore, the questions are,
what are the recent data to support or reject this under-
standing and how can such data be used to guide both
public policy and individual medical and nutritional
counseling? Designing studies to answer these questions
is difficult because lifetime prospective studies are nearly
impossible, as is the ability to make individual assess-
ments of the consequences of not reaching peak bone
mass. Furthermore, the ideal methods to measure bone
status (size, mineral content, geometry, and strength)
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during growth remain incompletely defined. In recent
years, most researchers have measured regional or
whole-body bone mineral content (BMC) or bone min-
eral density (BMD) by dual energy X-ray absorptio-
metry, but considerable limitations to this approach and
uncertainties about its functional meaning during growth
remain.

PROBLEM: OPTIMAL CALCIUM INTAKE IS
NOT ACHIEVED BY MOST CHILDREN
DURING PUBERTY

A large series of research studies has demonstrated that
optimal calcium intake—that needed to maximize cal-
cium retention by the skeleton and presumably bone
mineralization during puberty—is between 1200 and
1500 mg/d. A level of 1300 mg/d was set in 1997 by the
Dietary Reference Intake (DRI) panel as the “Adequate
Intake” (AI) of calcium for males and females 9 through
18 years of age.1 However, some evidence shows that
even 1500 mg/d might not be a true maximal “threshold”
(i.e., the skeleton might use even more calcium).10 In the
case of extremely low intakes (�300–500 mg/d) during
puberty, a very large gap between maximal retention and
actual retention can exist.11 Although low calcium in-
takes may lead to immediate problems such as increased
fracture risk, the intake level needed to substantially
decrease this risk is unknown. Calcium-deficient rickets
in childhood and adolescents has been reported, princi-
pally outside the United States (and is usually associated
with calcium intakes under 300 mg/d and other lifestyle
risk factors). However, the frequency of these problems
as directly related to dietary calcium deficiency in child-
hood is unclear.2,12

Despite considerable and widespread public health
campaigns, calcium intake in adolescents, especially
girls, remains far below the target AI. Recent data,
consistent with large amounts of previous data over the
past 20 years, suggest that mean calcium intakes are
about 800 to 900 mg/d in girls and 950 to 1050 mg/d in
boys during puberty, with median intakes as much as 100
mg lower than the means, and as many as 20% to 30% of
girls having extremely low intakes (�500 mg/d).1,13

The reasons for this discrepancy between actual
diets and the recommendations are numerous and are the
subject of recent behavioral and public policy research
and interventions. Despite such efforts, very little, if any,
increased calcium intake has occurred in adolescents. It
is very likely that in the near future, achieving calcium
intakes for most adolescents of at least 1300 mg/d will
require either aggressive food fortification, such as by
mandatory fortification of grains,14 or much more wide-
spread use of calcium supplements (generally pills).
Although supplements may not be the ideal vehicle to
increase calcium intake, it would be foolish to look at the

experiences of the last 20 years and expect educational
efforts currently under way to lead to near doubling of
the typical dietary calcium intake via food consumption
in the near future. Nor is it appropriate, if this is truly a
significant health issue, for pediatric and other caregivers
to respond to inadequate calcium intakes with simplified
advice to “eat more calcium-containing foods.” Rather, if
the health care consequences of calcium deficiency dur-
ing pubertal growth are significant, careful dietary his-
tory taking, laboratory (or bone mineralization) studies,
follow-up visits, and consideration of supplementation
would be appropriate, an approach analogous to that used
by pediatricians to respond to iron-deficiency anemia.

SOLUTION: INCREASING INTAKE VIA
SUPPLEMENTS OR FORTIFICATION

It is not surprising then that over the last 20 years, a large
number of controlled trials have evaluated the effects of
1 to 4 years of calcium supplementation on bone miner-
alization in children and adolescents. To discuss them in
detail is beyond the scope of this review, but they have
been uniformly positive, often suggesting a relative ben-
efit to BMC or BMD at various anatomical sites of about
1% each year for the group receiving supplements rela-
tive to a placebo control group.1,2 That is, they have
demonstrated that giving additional calcium in the form
of a supplement pill, a dairy supplement, or fortified
foods leads to increases in BMC (or, in some cases, total
calcium absorbed). Some studies have found greater
effects at different levels of pubertal development, and
some reports suggest a greater benefit for calcium given
with dairy products.15 In general, however, benefits have
been shown in pre-, mid-, and post-pubertal children and
have occurred with all forms of calcium provided. No
reports have suggested any harmful effects; some have
found greater benefits in children with naturally low
calcium intakes, but others have not made this distinc-
tion.1,2,15

QUESTIONABLE LONG-TERM BENEFIT

Early on, a rather surprising finding was reported: when
subjects were reevaluated after stopping calcium supple-
mentation, the benefit relative to placebo did not per-
sist.16,17 This gave rise to some skepticism over whether
calcium supplementation was of any use at all to increase
bone mineralization beyond an initial brief period when
it suppresses bone resorption and remodeling. Other
researchers suggested that a lack of benefit might have
been related to sample-size issues and a failure to com-
pletely account for the bone-remodeling transient.18

However, in the last few years, several reports have
provided substantial new information related to long-
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term studies that may help guide our understanding of
the fundamental role of calcium supplementation during
childhood.

The first study to consider is that of Bonjour et al.15

In 2001, they reported that 3.5 years after stopping a
milk-based supplement they had received for 1 year, a
group of girls maintained the benefit in bone mineraliza-
tion they had received. The supplement provided about
850 mg of calcium, and the baseline intakes were about
900 mg/d. At the end of the follow-up period, most of the
girls were still pubertal, averaging about 12.5 years. In
2005, additional follow-up at a mean age of 16.4 years
was reported.19 For the entire group, a persistent signif-
icant benefit to supplementation was no longer seen. Of
interest is that for some but not all bone sites, the girls
whose age of menarche was earlier than the median age
showed a benefit, whereas those whose menarche was
later did not.

This lack of a substantial persistent benefit in the
overall original cohort studied was similar to the earlier
results of Slemenda et al.20 That study reported that the
benefits of calcium supplementation, which had been
seen only in children supplemented beginning in the
prepubertal period, did not persist 3 years after the
supplementation was stopped.

Further questions about the benefits of high calcium
intakes during adolescence have come from a longitudi-
nal study of calcium intake, exercise, and bone mass (and
strength) from Pennsylvania State University.4,21 This
study involved both a 4-year calcium supplementation
phase beginning at about age 12 in females and a post-
supplementation analysis of calcium intakes and bone
growth. Overall, the gains in BMC associated with sup-
plementation during early puberty were not maintained
after supplementation was stopped. Furthermore, overall
variations of calcium intakes between about 600 and
1400 mg/d from the age of 12 years to 20–22 years led
to little variation in total body bone mass increment.
There were very few subjects with intakes under 600
mg/d, making it impossible to determine a lower level of
intake that provided adequate bone outcomes. Exercise
appeared to be a more important determinant of bone
outcome than calcium in this cohort.

Matkovic et al.22 provided 7 years of calcium sup-
plementation to early pubertal Caucasian girls in Ohio.
The data were reported in two phases: phase 1 represents
the first 4 years of the trial (mean age of 11 years at
onset), and phase 2 represents years 4 to 7 of the trial.
The first phase showed a small but relatively consistent
benefit of supplementation for total body and proximal
radial BMD. However, the adjusted difference between
supplemented and unsupplemented groups (averaging
about 1500 and 800 mg/d calcium intakes, respectively,
during the trial) in proximal radial BMD gain was not

significant despite nearly doubling calcium intake. Fur-
thermore, group differences were even smaller by the
year 7 follow-up, with no statistical effect of the supple-
ment on most outcome measures, such as total body
BMD. There appeared to be some catch-up in BMD
between years 4 and 7 in the unsupplemented group
despite much lower calcium intakes. Overall, little if any
long-term benefit to a very high level of calcium supple-
mentation was demonstrated in this study, which pro-
vided the longest time period of supplementation of any
pediatric trial.

A secondary post hoc analysis indicated that supple-
mentation was beneficial throughout the course of the
study for “tall” girls (those whose height at the end of the
study was greater than the median) but not for “short”
girls. As with the post hoc findings of the Bonjour study
regarding a benefit to those with earlier menarche,19 this
finding suggests genetic regulation of calcium utilization.
It is difficult to see, however, from a nutritional guide-
lines perspective, how this type of analysis can be used in
formulating policy.

Taken together, the data from six controlled trials
with follow-up studies4,16,17,19,20,22 provide strong evi-
dence that the modest benefits of calcium supplementa-
tion on bone mineralization seen in prepubertal or early
pubertal children are subject to partial, if not nearly
complete, catch-up later, even if a high calcium intake is
not maintained. Randomized, controlled trials showing
any substantial long-term benefit to bone mass of cal-
cium supplementation to levels at or above the current AI
have not been reported. Although some,23 but not all,
epidemiological research studies suggest a long-term
benefit to high calcium intake during childhood, the lack
of effects in these six controlled trials must be considered
as the primary evidence. It should be noted that there are
some gaps in our knowledge, especially regarding pop-
ulations other than healthy Caucasian females, who were
the most frequently studied group, excepting the early
studies in Asians by Lee et al.16,17

This catch-up in late adolescence is consistent with
similar data regarding the possibility of catch-up bone
mineralization in infants,24 during pregnancy and lacta-
tion, and even in lactating adolescents.25 It is not entirely
clear if catch-up is complete in these situations, but a
significant catch-up of lost bone mineral is possible, even
if mineral intake was not maximized during a time of
high calcium requirement (such as preterm infant growth
or adolescent lactation). Animal studies also are consis-
tent with this perspective, including one study demon-
strating that severe inhibition of bone growth by dexa-
methasone in early life did not affect adult bone mass.26

Remarkably, recent long-term data in some chronic ill-
nesses find the same catch-up opportunity. One recent
study found that adolescents with anorexia nervosa
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whose disease resolved did not have long-term deficits in
BMD 11 years later.27

IMPLICATIONS OF THESE NEW FINDINGS

As we conclude nearly two decades of clinical studies
into calcium supplementation in pubertal children, be-
ginning with the original “twin” study reported by
Johnston et al. in 1992,28 it is reasonable to question the
implications of the long-term data for public policy and
for guiding nutritionists, pediatricians, and other health
care providers who care for individual children and
adolescents.

The AI of 1300 mg/d of calcium intake was based
upon short-term supplementation studies and a now en-
hanced set of data indicating that this level of intake is
needed to approximate maximal skeletal calcium accre-
tion during the peak of pubertal growth.1 None of the
recent studies has clearly demonstrated that peak rates of
calcium retention and bone mineral accrual are readily
achieved during maximal pubertal growth with lower
calcium intakes. Furthermore, this calcium intake level
or higher is extremely safe and consistent with other
potential, albeit not well-proven, health benefits to higher
calcium intakes in adolescents.

To understand why different intake guidelines are
identified based on the approach used in the study, one
has to recognize that different approaches measure dif-
ferent end points. The calcium balance studies used to
derive the AI demonstrated the capacity of an adolescent
to absorb large amounts of calcium at a time of rapid
growth. Given the variability in the availability of food in
the natural world and in many diets, this is likely to be a
powerful adaptation directed toward meeting skeletal
needs. The supplementation studies suggest the presence
of complementary means for achieving bone mineraliza-
tion during growth. The skeleton, in targeting a geneti-
cally set bone mass (and height), when provided a
moderate calcium intake maintained throughout adoles-
cence, will adapt by gradually reaching approximately
the same end point of mineralization.

Whether the lack of evidence of a long-term benefit
of supplementation justifies changing the AI would de-
pend on how future groups, such as those established by
the Food and Nutrition Board to determine Dietary
Reference Intakes, view the purpose of the dietary guide-
lines. These new data should at least be used to establish
Estimated Average Requirements (EAR) and Recom-
mended Dietary Allowances (RDA). The goal of opti-
mizing calcium retention during a narrow time period of
peak pubertal mineralization using high intakes may
need to be considered in light of the apparent long-term
adequacy of a more modest intake. The difficulties of
targeting calcium intakes far above the current intake of

most children and adolescents, including about 90% of
US adolescent females, should be considered.

Now the question is, what do we advise those whose
dietary intakes do not reach the AI, especially most US
adolescents, whose calcium intake is between 700 and
1200 mg/d? It is extremely difficult to justify supplemen-
tation of calcium for this group based on current data. It
is reasonable to ensure that pediatricians and other care-
givers discuss and at least attempt to assess calcium
intake in their pediatric patients.8 Very low intakes
(especially those under 500–600 mg/d), health issues
that affect bone metabolism, a strong family history of
osteoporosis, or a lack of adequate exercise should trig-
ger a multifaceted response including dietary counseling
and, if dietary approaches are unsuccessful, the use of
supplements or other appropriate health interventions.

Osteoporosis, like many other chronic illnesses, can
be seen as an often genetically determined disorder with
higher frequencies in women, some racial groups, and
those with a family history of osteoporosis. Specific
genetic polymorphisms, such as those related to the
vitamin D receptor, might also affect calcium absorption,
bone mass, and risk of osteoporosis.29 Further studies
might best try to further understand genetic factors af-
fecting bone status and how they interact with modifiable
factors such as exercise, diet, and medications. In this
way, risk profiles could be generated and specific indi-
vidualized monitoring programs devised, possibly begin-
ning in childhood and adolescence.

There is little doubt that a relatively high intake of
calcium, exceeding that of most of the US pediatric
population, is beneficial in the short term for pubertal
children by optimizing calcium retention and bone min-
eralization. However, for those who are healthy, a lower
calcium intake level in the range of the current US
average, when maintained throughout adolescence and
early adulthood (and combined with appropriate exer-
cise), appears to support comparable long-term rates of
bone mineralization. Little if any bone mineral deficit
may occur from missing the peak calcium intake levels
currently recommended. Evidence from controlled trials
of calcium supplements in children and adolescents do
not support their widespread use during puberty. Ideally,
an individualized risk assessment will be developed
based on genetic and lifestyle factors that can be used to
guide families and caregivers.
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