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Adolescence

The Period of Dramatic Bone Growth

Connie M. Weaver

Department of Foods and Nutrition, Purdue University, West Lafayette, IN

Adolescence is a period of rapid skeletal growth during
which nearly half of the adult skeletal mass is accrued.
This life stage is a window of opportunity for influenc-
ing peak bone mass and reducing the risk of osteoporo-
sis later in life. Endocrine factors that may influence
peak bone mass include insulin-like growth factor-1,
which regulates skeletal growth, and gonadotropic hor-
mones, which stimulate epiphyseal maturation. Estro-
gendeficiency and amenorrhea canreduce skeletal mass.
Weight-bearing exercise can increase bone mass. Appro-
priate mineralization of the skeleton requires adequate
dietary intakes of minerals involved in the formation
of hydroxyapatite; the most likely to be deficient is
calcium.
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Introduction

Adolescence is a period of rapid skeletal development
essential for the attainment of peak bone mass; insuffi-
ciency in peak bone mass contributes significantly to the risk
of osteoporosis later in life. This review discusses the fac-
tors that influence development and attainment of peak bone
mass. Some factors are programmed genetically. Others are
under hormonal influence. Still others are predicated by
lifestyle choices, which can be modified by education and
behavioral change. Choices that limit peak bone mass may
increase the risk of osteoporosis in vulnerable populations.

Bone density is similar in boys and girls, but the bones
of boys are larger, giving them a distinct biomechanical
advantage (7). Figure 1, taken from Bailey etal. (2), demon-
strates how rapidly bone mineral content (BMC) accumu-
lates during puberty in Caucasian Canadian children. Peak
bone mineral velocity is higher in boys than in girls and
occurs about 1.5 yr later in boys. The age of attainment of
peak mass varies with the specific bone. For example, the
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hip matures first at age 16—-18 yr (3). In girls, approx 90%
of total body mineral content is achieved by 16.9 + 1.3 yr
and 99% is achieved by 26.2 + 3.7 yr (4). The major deter-
minant of bone mineral density (BMD) in girls appears to
be Tanner stage, whereas in boys, weight is the major deter-
minant (5). In girls, calcium retention and bone formation
rates decrease exponentially with postmenarcheal age after
onset of menses (6, 7). Calcium retention was more strongly
correlated with postmenarcheal age (—0.788, p < 0.001)
and height (—0.650, p <0.001) in white women ages 11-30
than with total body BMD (0.519, p < 0.01) or total body
calcium (—0.595, p <0.01) and remained unrelated to weight
or body mass index (8). In prepubertal boys and girls, bone
formation rates do not correlate with body weight (9). The
relationships between calcium retention and bone forma-
tion rates have not been studied in pubertal boys.

How ethnic and racial differences may modulate the
timing of peak bone mass is not known. At any given bone
age, African Americans have greater bone mass than Cau-
casians. A study of 80 African American and 80 Caucasian
children ages 8—18 using computed tomography showed
that African American children had 10.75% greater can-
cellous bone density, but similar cross-sectional area of the
vertebral bodies in the axial skeleton. While cortical bone
area and cortical bone density were equivalent, femoral
cross section was 5.7% greater in African American than
in Caucasian children (7).

Endocrine Factors
That May Control Calcium Retention

Likely candidates that control pubertal age-related changes
in calcium metabolism include gonadotropic hormones and
insulin-like growth factor-1 (IGF-1). Recent studies have
identified IGF-1 as an important intermediate phenotype
for BMD (10). Many of the physical changes in puberty,
including active mineralization of bones, are mediated,
at least in part, through the actions of sex steroids. Both
testosterone and estrogen production increase gradually
with puberty (11). Their levels do not fall until later in life,
whereas the peak rates of calcium accretion span <2 yr, as
shown in Fig. 1. There may be two developmentally depen-
dent threshold effects of testosterone (72). In early puberty,
low concentrations of testosterone may stimulate growth;
in late puberty, higher testosterone levels may inhibit bone



44 Bone Growth in Adolescence / Weaver

Endocrine

BMC TB Velocity Curve

Cubic Spline
450+
0 Boys
4004 Age of Peak 14.05

Peak Value 409
= Size Adjusted 394
5]
@ 3501 Age PHV
- 13.44 yrs A Girls
g Age of Peak 12.54
o 001 Peak Value 325
c Age PHV_ Size Adjusted 342
— 11.77 yrs " 4
2 250 H
r— ]
O
8 /
@ 2004 }
> y;
m
1501 ,'j/j\
O f
= 2
0 100{ 4

.\
501 ey
0- ¥ Y

9 10 11 12 13 14 15 16 17 18 19
Age in Years

Fig. 1. Total body (TB) peak BMC velocity curve illustrating veloc-
ity at peak and ages at peak BMC and peak height velocities (PHV)
by chronologic age for boys and girls. (Reproduced from ref. 2
with permission of the American Society of Bone and Mineral
Research.)

growth by stimulating epiphyseal maturation. Evidence
that testosterone mediates calcium accretion in boys comes
from a report that 4-6 wk of testosterone administration in
six healthy prepubertal boys significantly increased net
calcium absorption and retention (/3). Induction of acute,
severe testosterone deficiency with Lupron in healthy young
men markedly decreased calcium balance and bone forma-
tion rates (74). It has been speculated that the action of
testosterone may be indirect, mediated by increased con-
centrations of IGF-1 (13).

Estrogen appears to control the decrease in calcium reten-
tion and bone formation rates with advancing puberty and
to regulate the mineralization and closure of epiphyses,
indicative of a mature skeleton. A case report of a healthy
male with a mutation in the estrogen receptor gene reported
that epiphyses failed to fuse in the absence of estrogen and
the skeleton continued to grow during mature adult life
(15). Supporting the hypothesis that estrogen decreases bone
turnover in late puberty is the observation that biochemical
markers of bone turnover correlate negatively with estra-
diol levels (16) and postmenarcheal age (&) in pubertal girls.

IGF-1 and its binding proteins, IGF-binding protein 3
(IGFBP3) and IGFBPS5, are important regulators of bone
growth and turnover. IGF-1 stimulates proliferation and
differentiation of chondrocytes in the epiphyseal plate. In

animals, administration of IGF-1 may increase the external
diameter of long bone and bone mass (/7). Short-term (6 d)
administration of thIGF-1 to women with anorexia nervosa
selectively increased markers of bone formation in a dose-
dependent manner, with less effect on biomarkers of bone
resorption, consistent with a direct effect on bone forma-
tion favoring accrual of bone mass (/8). By contrast, admin-
istration of estrogen for 1.5 yr did not prevent bone loss
in anorexic women (79). The profile of increasing IGF-1
levels to puberty closely matches peak calcium accretion
and markers of bone turnover (20,21), consistent with a reg-
ulation of the rate of skeletal growth.

The rapid rates of bone turnover and skeletal acquisition
that occur during adolescence represent windows of oppor-
tunity to influence the size of peak bone mass, thereby influ-
encing the magnitude of the lifelong risk of fracture. For a
more in-depth review of factors influencing the develop-
ment of peak bone mass, readers are referred to the report
of experts convened by the National Osteoporosis Founda-
tion (22). Preadolescents and adolescents may adopt habits
and lifestyles that impact bone health at a time when par-
ents have decreasing influence over their choices. Educa-
tion programs are needed in order for adolescents and their
care providers to understand how adolescent lifestyle
choices and behaviors (reviewed next) may provide bene-
fits or risks to the skeleton.

Estrogen Deficiency and Amenorrhea

A number of lifestyle choices can lead to cessation of
normal menses, amenorrhea, with adverse consequences for
bone mass. The two most important risk factors associated
with amenorrhea are energy intakes too low to sustain phys-
iologic levels of estrogen and excessive exercise. Estrogen
deficiency and amenorrhea, when accompanied by under-
nutrition, can reduce peak bone mass, so that osteopenia
becomes irreversible. In adolescent girls with anorexia ner-
vosa, the low levels of IGF-1, which have been correlated
with reduced caloric intake, correlated strongly with low
bone formation (23). Amenorrhea for at least 6 mo owing
to weight loss, in the absence of disordered eating or stress,
resulted in vertebral bone density of 2 SDs or more below
the mean (24). Although radial density remained similar,
amenorrheic athletes had 14% lower lumbar spine bone
density compared with eumenorrheic athletes (25). Osteo-
porosis associated with anorexia nervosa is more severe than
with other causes of estrogen deficiency. Risk of nonspinal
fractures in individuals with anorexia was sevenfold that of
age-matched women (26). Severity of the osteopenia was
related to duration of amenorrhea; it was worse if the eating
disorder was initiated in adolescence than during adult-
hood (24). For more in-depth discussions of this problem,
readers are referred to reviews of amenorrheic bone loss
owing to excessive exercise, stress, or weight loss with and
without eating disorders (27,28).
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Estrogen deficiency during puberty carries the risk of
increased bone resorption and reduced peak bone mass.
Although some of the lost bone density may be regained on
weight gain and resumption of menses, significant osteo-
penia may persist (26). Less severe hormonal disturbances,
such as irregular cycles or anovulatory and short luteal
phase cycles, can still increase vulnerability to stress frac-
ture, despite the smaller magnitude of bone loss. How oral
contraceptives, which regulate menstrual cycles, may mod-
ulate skeletal development and attainment of peak bone mass
remains uncertain. Although cortical bone responds favor-
ably to oral contraceptives (22), 18- to 31-yr-old women
who were given oral contraceptives and who participated
in an exercise program developed bone loss at the spine and
hip (29,30). This effect was abrogated when women taking
oral contraceptives and participating in the exercise pro-
gram consumed approx 1200 mg of Ca/d.

Diet: Calcium, Phosphorus, and Vitamin D

Bone requires all essential nutrients, as does any other liv-
ing tissue. Certain nutrients deserve discussion here because
of their unique role in bone, and because of the high like-
lihood that they may be lacking in many adolescents diet,
possibly increasing the risk of osteoporosis later in life. The
importance of adolescent nutrition in preventing postmeno-
pausal osteoporosis was reviewed in detail recently (3/).

Calcium comprises 39% of total body BMC. It is the dom-
inant mineral in bone and the most likely nutrient to be defi-
cient in the diet of an adolescent. Randomized controlled
trials in children and adolescents have shown increased
bone mass or BMD in one or more bones when dietary cal-
cium is increased as supplements, fortified foods, or dairy
products (32—40). The greatest increase in bone mass occurred
in children who originally had the lowest dietary calcium
intakes. Bonjour et al. (35) were one of the first groups to
observe that subjects consuming less than the average cal-
cium intake of 1879 mg/d might bias the response of bone
positively when supplemented. In nine randomized con-
trolled trials, the most striking response occurred in African
American children from Gambia, when their usual low intake
of 342 mg/d was increased to 1056 mg/d (39). When Wosje
and Specker (41) compared trials by expressing the changes
in BMD as the annualized percentage of changes in BMD,
they concluded that increases in BMD occurred primarily
in cortical bone sites and that spine BMD increased more in
pubertal than in prepubertal children. Follow-up observa-
tions after calcium supplementation was withdrawn indi-
cated that the increase in skeletal mass attributed to calcium
supplementation was maintained in some studies (42) but
not in others (43,44). Failure to maintain dietary calcium-
induced skeletal benefit is most likely the result of a lack
of statistical power to detect small group differences in the
study.

Another limitation of randomized controlled trials is that
typically two extreme calcium intakes, rather than a range
of intakes, are selected for study: the self-selected (lower)
intake of the control group and the increased intake of the
treatment group. This is an inadequate base on which to
determine recommended calcium intakes to optimize skele-
tal accretion. In the absence of such data, short-term meta-
bolic balance studies have been used to determine “optimal”
calcium intakes. Since 99% of the body’s calcium is con-
tained within the skeleton, calcium accretion measured by
metabolic balance protocols predicts bone accretion. Using
this approach, the relationship between calcium intake and
calcium retention was studied in adolescent girls (45). Cal-
cium retention increased over the entire range (800-2300
mg/d) of calcium intakes studied. A nonlinear regression
model showed that calcium intakes >1300 mg/d did not
confer an additional statistically different advantage. Cur-
rently, the recommended dietary reference intake to ensure
adequate uptake of calcium in children ages 9—19 is 1300
mg/d (46).

Phosphorus is a constituent of hydroxyapatite, the min-
eral accounting for 85% of adult BMC. The estimated aver-
age requirement for the intake of phosphorus by adolescents
is 1055 mg/d, which lies close to the tenth percentile of intake
in boys and below the fiftieth percentile in girls (46). Inade-
quate phosphate consumption is rare in adolescents. Excess
dietary phosphorus is viewed as a risk for the adolescent
skeleton by some, since intakes of phosphorus increase with
increasing consumption of soft drinks and processed foods
(47). It is commonly thought that dietary phosphorus should
be maintained in a close to ideal ratio with calcium, based
on their ratio in hydroxyapatite, since a suboptimal ratio
may result in increased circulating parathyroid hormone
(PTH). This dogma is based on outcomes seen with low-cal-
cium, high-phosphorous diets (48). After a critical review
of published data, the Dietary Reference Intake Panel (which
set the calcium requirement for North America) concluded
that, with the exception of infants, the ratio of phosphorus
to calcium in the diet was not important for setting require-
ments for either mineral (46). The panel concluded that
increased serum PTH was more likely with low calcium
intake than with high intakes of phosphorus. The risk of
excessive intake of phosphorus related to excessive con-
sumption of soft drinks can be attributed to the current trend
of substituting these for milk or other calcium-rich bever-
ages. Healthy adolescents can adjust to a wide range in con-
sumption of phosphorus, whereas their ability to adapt to
low calcium intakes appears to be limited.

Vitamin D controls transcellular calcium transport, a satu-
rable process, but not paracellular calcium diffusion. Trans-
cellular transport is rate limited as calcium-binding proteins
(e.g., calbindin) become saturated. Calbindin production
requires activated vitamin D, 1,25 (OH), vitamin D (calci-
triol). Metabolism of 25(OH)D to 1,25(0OH),D increases
during puberty (49) and the increase in 1,25(OH),D may
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explain the increased calcium absorption of adolescents
compared with young women (50). Transcellular transport
dominates when calcium intake is low. By contrast, para-
cellular absorption of calcium does not require vitamin D
and occurs linearly across calcium loads. If intakes of cal-
cium are adequate, adolescents, except for those living in
far northern or southern latitudes (51), are not dependent
on ingesting vitamin D, because most adolescents photo-
synthesize sufficient vitamin D on exposure to sunlight.

Whole Diet Considerations

Liberal consumption of dairy products will ensure an
adequate supply of calcium, phosphorus, and vitamin D
(only fortified products) to support optimal development
of peak bone mass. Milk is also a good source of magne-
sium, another bone mineral that often is suboptimal in the
diet. Girls on average consume close to required levels of
magnesium until age 14, when dietary choices result in a
fall in intake to about 60% of the recommended dietary
intakes of 360 mg/d (46).

Although children know that dairy products are a good
source of calcium important for bone health, teenage girls
often mistakenly think milk will add body fat. This myth is
not supported by data from randomized controlled trials
testing low-fat dairy products. Subjects assigned to the
treatment group for which dairy products were provided
and consumed daily for 12—-18 mo showed that neither
weight gain nor body fat gain were greater than in the con-
trol groups (34,36). Dairy products provide equivalent
contributions of calcium regardless of flavor or fat content.
Often, the unavailability of calcium-rich foods is the major
barrier to adequate calcium intake. A recent press release
(Associated Press, May 2, 2001) described the success of
a test market in Wisconsin in which soft drinks in school
vending machines were replaced with milk. This gives
practical evidence of the effectiveness of making calcium-
rich products available.

Diets for adolescents should also include several serv-
ings of fruits and vegetables each day. These create an
alkaline ash diet, thus reducing the risk of inducing bone
resorption in order to supply anions to buffer acids, which
are necessary to maintain pH balance when the diet is rich
in muscle proteins. In addition to imbalances in pH, high
protein and salt intakes may increase urinary calcium loss.
Typical Western diets, which are very high in protein and
salt, may exacerbate the consequences of inadequate cal-
cium consumption. Vegetables supply necessary supple-
ments; dark green vegetables are a source of magnesium,
vitamin K (which is required for the carboxylation of osteo-
calcin), and trace elements, such as copper, a cofactor for
lysyl oxidase required in forming collagen crosslinks.

In addition to individual nutrients, total calorie intake
relative to energy expenditure influences body fat and body
weight. Although body frame is influenced by genetics, over-

weight and underweight status can negatively influence
bone mass and risk of fracture during adolescence. Overt
thinness is a risk factor for osteoporosis, but obesity in chil-
dren is also a risk factor for fracture of the forearm (52).

Exercise

Weight-bearing exercise is now thought to play a large
role in building peak bone mass. Accrued evidence indi-
cates that exercise has the greatest impact on BMD before
puberty (53). In a retrospective study of 204 women ages
18-31, those reporting participation in high school sports
exhibited a 7% increase in current femoral neck BMD.
Energy expenditure associated with exercise after comple-
tion of high school gave no additional advantage at the
femoral neck (54). By contrast, BMD of other bone sites
such as the spine, radius, and total body were influenced by
post—high school energy expenditures. Sports participa-
tion before onset of menses will increase BMD more than
when started after the onset of menses. For example, the
effect of participating in tennis or squash on BMD was twice
as great when initiated prior to the onset of menses (55). A
longitudinal study of Canadian children showed that physi-
cally active girls have 17% greater total body BMC, com-
pared with their sedentary peers, 1 yr after achieving peak
BMC velocity (2).

There are few randomized controlled trials assessing the
value of exercise on the skeleton of children. One recent
randomized controlled trial of exercise involved children
jumping 100 times from 61-cm-high boxes three times per
week during the school year. This regimen resulted in a
gain of 4.5% in femoral neck BMC and 3.1% in lumbar
spine BMC, compared with a control group of 6- to 10-yr old
children doing nonimpact stretching exercise (56). Impres-
sively, this simple, high-intensity (8.8 times body weight)
impact exercise produced dramatic results within 7 mo. If
physical activity modifies calcium requirement, it would
be interesting to determine whether an exercise program of
this level of intensity alters the optimal calcium require-
ments in this age group and in older children. It is important
to emphasize the value of encouraging fitness for all youth,
to replace the current trend of concentrating school resources
on competition for a selected group of children. The only
caveat to a more comprehensive fitness program remains
that although weight-bearing exercises can improve bone,
excessive training to the point of amenorrhea can be harm-
ful to bone.

Smoking and Alcohol

Smoking is a risk factor for low bone density, because
it reduces calcium absorption (57). During the 1990s, teen-
age smoking increased to approx 36% in high school stu-
dents (58). Approximately 80% of those who use tobacco
started before the age of 18 yr. Peak bone mass may be
diminished by smoking, but the more detrimental effect of
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smoking initiated in adolescence occurs later in life as more
rapid bone loss (22). The impact of alcohol on attainment
of peak bone mass is unknown. In adults, excessive alcohol
intake suppresses bone formation.

Recommendations

For bone health, the emphasis is on consuming adequate
quantities of dairy products to achieve adequate intakes of
calcium, vitamin D, magnesium, phosphorus, protein, ribo-
flavin, and vitamin A. At least three daily servings of this
food group are recommended for teenagers. If this recom-
mendation cannot be followed, consumption of fortified
foods or supplements will be necessary to meet calcium
requirements. For most children, lactose maldigestion may
be manageable by drinking milk in divided doses with meals
to ensure that calcium requirements are met during adoles-
cence. Symptoms of discomfort were negligible in African
American adolescents who were able to ingest 1200 mg of
calcium by consuming dairy products daily for 3 wk (59).

Participating in sports through puberty greatly bene-
fits bone. Especially dramatic increases in bone mass were
observed after high-impact exercises, such as jumping off
boxes or gymnastics. High-impact activity three times per
week for approximately an hour is a good guideline. Devel-
oping lifelong habits of taking the stairs instead of the ele-
vator, as well as other physical ways of increasing daily
energy expenditure by challenging the skeleton, should be
encouraged. Consequences of estrogen deficiency, such as
amenorrhea, should be aggressively investigated to deter-
mine the cause. Intervention to restore regular menses and
weight, if low, is essential to reduce the risk of osteoporosis
later in life.

Several important questions are relevant to the develop-
ment of recommendations to achieve acceptable bone
health in adolescence. What is the impact of physical activ-
ity on calcium requirements? Do minorities have different
requirements for optimal intake of calcium and other bone-
related nutrients necessary to attain peak bone mass? What
impact do lifestyle choices, which significantly alter diet or
estrogen status for a prolonged time in adolescence, have
on peak bone mass? It is hoped that future research will
help us to identify those individuals with genotypes that will
best respond to lifestyle interventions and lead to favorable
peak bone mass.

References

1. Gilzanz, V., Skaggs, D. L., Koranlikaya, A., Sayre, J., Loro,
M. L., Kaufman, F., and Korenman, S. G. (1998). J. Clin. Endo-
crinol. Metab. 83, 1420-1427.

2. Bailey, D. A., McKay, H. A., Mirwald, R. L., Crocker, P.R. E.,
and Faulkner, R. A. (1999). J. Bone Miner. Res. 14, 1672—
1679.

3. Matkovic, V., Jelic, T., Wardlaw, G. M., Illich, J. Z., Goel, P. K.,
Wright, J. K., Andon, M. B., Smith, K. T., and Heaney, R. P.
(1994). J. Clin. Invest. 93, 799-808.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Teegarden, D., Proulx, W. R., Martin, B. R., Zhao, J., McCabe,
G.P., Lyle, R. M., Peacock, M., Slemenda, C., Johnston, C. C.,
and Weaver, C. M. (1995). J. Bone Miner. Res. 10, 711-715.
Kleerekoper, M., Nelson, D. A., Peterson, E., Flynn, M. J.,
Pawluszka, A. S., Jacobsen, G., and Wilson, P. (1994). J. Bone
Miner. Res. 9, 1267-1276.

Wastney, M. E., Ng, J., Smith, D., Martin, B. R., Peacock, M.,
and Weaver, C. M. (1996). Am. J. Physiol. 271, R208-R216.
Weaver, C. M., Martin, B. R., Plawecki, K. L., Peacock, M.,
Wood, O. B., Smith, D. L., and Wastney, M. E. (1995). Am. J.
Clin. Nutr. 61, 577-581.

Weaver, C. M., Peacock, M., Martin, B. R., Plawecki, K. L.,
and McCabe, G. (1996). Am. J. Clin. Nutr. 64, 67-70.
Abrams, S. A. (1998). J. Bone Miner. Res. 13, 149—153.

. Rosen, C. J., Churchill, G. A., Donohu, L. R., Shultz, K. L.,

Burgess, J. K., Powell, D. R., and Beamer, W. G. (2000). Bone
27, 521-528.

Johansen, J. S., Giwercman, A., Hartwell, D., Nielsen, C. T.,
Price, P. A., Christiansen, C., and Skakkeback, N. E. (1988).
J. Clin. Endocrinol. Metab. 67, 273-278.

Theger, N. C., Skakkebalk, N. E., Darling, J. A. B., Hunter,
W. M., Richardson, D. W., Jorgensen, M., and Keiding, N.
(1986). Acta Endocrinol. 279, 98—-106.

Mauras, N., Haymond, M. W., Darmaun, D., Vieira, N., Abrams,
S. A.,and Yergey, A. L. (1994). J. Clin. Invest. 93,1014-1019.
Mauras, N., Hayes, V. Y., Vieira, N. E., Yergey, A. L., and
O’Brien, K. O. (1999). J. Bone Miner. Res. 14, 577-582.
Smith, E. P., Boyd, J., and Frank, G. R. (1994). N. Engl. J. Med.
331, 1056-1061.

Blumsohn, A., Hannon, R. A., and Wrate, R. (1994). Clin.
Endocrinol. 40, 663—-670.

Ammann, P, Rizzoli, R., Muller, K., Slosman, D., and Bonjour,
J. P. (1993). Am. J. Physiol. 265, E770-E776.

Grinspoon, S., Baum, H., Lee, K., Anderson, E., Herzog, D.,
and Klibanski, A. (1996). J. Clin. Endocrinol. Metab. 81,3864—
3870.

Klibanski, A., Biller, B. M. K., Shoenfeld, D. A., Herzog,
D. B, and Saxe, V. C. (1995). J. Clin. Endocrinol. Metab. 80,
898-904.

Johansen, J. S., Giwercman, A., Hartwell, D., Nielsen, C. T.,
Price, P. A., Christiansen, C., and Skakkebaek, N. E. (1988). J.
Clin. Endocrinol. Metab. 67, 273-278.

Tobiume, H., Kanaki, S., and Hida, S. (1997). J. Clin. Endo-
crinol. Metab. 82, 2056-2061.

Heaney, R. P., Abrams, S., Dawson-Hughes, B., Looker, A.,
Marcus, R., Matkovic, V., and Weaver, C. M. (2001). Osteo-
poros. Int. 11, 985-1009.

Soyka, L. A., Grinspoon, S., Levitsky, L. L., Herzog, D., and
Klibanski, A. (1999). J. Clin. Endocrinol. Metab. 84, 4489—
4496.

Biller, B. M. K., Caughlin, J. F., Sahe, V., Schoenfeld, D.,
Spratt, D. 1., and Klibanski, A. (1991). Obstet. Gynecol. 78,
996-1001.

Drinkwater, B., Nelson, K., Chestnut, C. H. III, Bremner, W.,
Shainholz, S., and Southworth, M. (1984). N. Engl. J. Med.
311, 277-281.

Rigotti, N. A., Neer, R. M., Skates, S. J., Herzog, D. B., and
Nussbaum, S. R. (1991). JAMA 265, 1133-1138.

Sojka, L. A., Fairfield, W. P., and Klebasnski, A. (2000). J.
Clin. Endocrinol. Metab. 85, 3951-3963.

Miller, K. K. and Klibanski, A. (1999). J. Clin. Endocrinol.
Metab. 84, 1775-1783.

Weaver, C. M., Teegarden, D., Lyle, R. M., et al. (2001). MSSE
33(6), 873-880.

Burr, D. B., Yoshikawa, T., Teegarden, D., Lyle, R., McCabe,
G., McCabe, L., and Weaver, C. M. (2000). Bone 20(6), 855—
863.

Weaver, C. M., Peacock, M., and Johnston, C. (1999). J. Clin.
Endocrinol. Metab. 84, 1839—-1843.



48

Bone Growth in Adolescence / Weaver

Endocrine

32.

33.

34.

35.

36.
37.
38.

39.

40.

41.
. Bonjour, J.-P., Chevalley, T., Amman, P., Slosman, D., and
43.

44,

Johnston, C. C., Miller, J. Z., Slemenda, C. W., Reister, T. K.,
Hui, S., Christian, J. C., and Peacock, M. (1992). N. Engl. J.
Med. 327, 923-987.

Lloyd, T., Andon, M. B., Rollings, N., Martel, J. K., Landis, R.,
Demers, L. M., Eggli, D. F., Kiesselhorst, K., and Kulin, H. E.
(1993). J. Am. Med. Assoc. 270, 841-844.

Chan, G. M., Hoffman, K., and McMurry, M. (1995). J. Pediatr.
126, 551-556.

Bonjour, J. P, Carrie, A. L., Ferrari, S., Clavien, H., Slosman,
D., Thientz, G., and Rizzoli, R. (1997). J. Clin. Invest. 99,
1287-1294.

Cadogan, J., Eastell, R., Jones, N., and Barker, M. E. (1997).
BMJ 315, 1255-1260.

Lee, W. T. K., Leung, S. S. F., Wang, S. H., Xu, Y. C., Zeng,
W. P., and Lau, J. (1994). Am. J. Clin. Nutr. 60, 744-750.
Lee, W. T. K., Leung, S. S. F., Leung, D. M. Y., Tsang, H. S.,
Lau, J., and Cheng, J. C. (1995). Br. J. Nutr. 74, 125-139.
Dibba, B., Prentice, A., Ceesay, M., Stirling, D. M., Cole,
T. J., and Poskitt, E. M. E. (2000). Am. J. Clin. Nutr. 71, 544—
549.

Nowson, C. A., Green, R. M., Hopper, J. L., Sherwin, A. J.,
Young, D., Kaymacki, B., Guest, C. S., Smid, M., Larkins,
R. G., and Wark, J. D. (1997). Osteoporos. Int. 7, 219-225.
Wosje, K. S. and Specker B. L. (2000). Nutr. Rev. 58,253-268.

Rizzoli, R. (2001). Lancet 358, 1208-1213.

Slemenda, C. W., Peacock, M., Hui, S., Zhou, L., and Johnston,
C. C. (1997). J. Bone Miner. Res. 12, 676—682.

Lee, W. T. K., Leung, S. S. F., Leung, D. M. Y., and Cheng,
J. C. Y. (1996). Am. J. Clin. Nutr. 64, 71-77.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.
59.

Jackman, L. A., Millane, S. S., Martin, B. R., Wood, O. B.,
McCabe, G. P., Peacock, M., and Weaver, C. M. (1997). Am. J.
Clin. Nutr. 66, 327-333.

DRI. (1997). Standing Committee on the Scientific Evaluation
of Dietary Reference Intakes, Food and Nutrition Board, Insti-
tute of Medicine, National Academy Press, Washington, DC.
Calvo, M. S. and Park, V. S. (1996). J. Nutr. 126, 1168S—1180S.
Calvo, M. S., Kumar, R., and Heath, H. (1990). J. Clin. Endo-
crinol. Metab. 70, 1334-1340.

Aksenes, L. and Aarshog, D. (1982). J. Clin. Endocrinol.
Metab. 55, 94—-101.

Wastney, M. E., Ng, J., Smith, D., Martin, B. R., Peacock, M.,
and Weaver, C. M. (1996). Am. J. Physiol. 271, R208-R216.
Oliveri, M. B., Ladizesky, M., Mautalen, C. A., Alonso, A., and
Martinez, L. (1993). Bone Miner. 20, 99—108.

Goulding, A., Jones, L. E., Taylor, R. W., Manning, P. J., and
Williams, S. M. (2000). J. Bone Miner. Res. 15,2011-2018.
Weaver, C. M. (2000). Am. J. Clin. Nutr. 72, 579S—-584S.
Teegarden, D., Proulx, W. R., Kern, M., Sedlock, D., Weaver,
C. M., Johnston, C. C., and Lyle, R. M. (1996). Med. Sci. Sports
Exerc. 28, 105-113.

Kannus, P., Haapasalo, H., Sankelo, M., et al. (1995). 4nn.
Intern. Med. 123, 27-31.

Fuchs, R. K., Bauer, J. J., and Snow, C. M. (2001). J. Bone
Miner. Res. 16, 148—156.

Krall, E. A. and Dawson-Hughes, B. (1999). J. Bone Miner.
Res. 14, 215-220.

CDC. (1998). MMWR 47, 229-233.

Pribila, B. A., Hertzler, S. R., Martin, B. R., Weaver, C. M., and
Savaiano, D. A. (2000). JADA 100(5), 524-528.



