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ABSTRACT
The association of height, weight, pubertal stage, calcium in-

take, and physical activity with bone mineral density (BMD) was
evaluated in 500 children and adolescents (205 boys and 295 girls),
aged 4–20 yr. The BMD (grams per cm2) of lumbar spine and total
body was measured with dual energy x-ray absorptiometry. Lum-
bar spine volumetric BMD was calculated to correct for bone size.
BMD and volumetric BMD increased with age. During puberty, the
age-dependent increment was higher. After adjustment for age, the
Tanner stage was significantly associated with all three BMD

variables in girls and with spinal BMD in boys. In boys, positive
correlations were found between BMD and both calcium intake and
physical activity after adjustment for age. Stepwise regression
analysis with weight, height, Tanner stage, calcium intake, and
physical activity as determinants with adjustment for age resulted
in amodel with Tanner stage in girls andweight in boys for all three
BMD variables. The major independent determinant of BMD was
the Tanner stage in girls and weight in boys. (J Clin Endocrinol
Metab 82: 57–62, 1997)

DURING CHILDHOOD and adolescence, bone mineral
density (BMD) increases until peak bone mass is

reached (1). Peak bone mass and subsequent bone loss are
important determinants of osteoporosis later in life (2). It is
essential to knowwhich factors influence BMD in childhood,
with the goal of achieving optimal peak bone density. At
present, dual energy x-ray absorptiometry is the method of
choice to measure BMD because of low radiation exposure,
great precision, and accuracy (3).
In the present study, the BMDs of the lumbar spine and

total body were measured in 500 children and adolescents.
Small children were measured with special pediatric soft-
ware, which is more precise than standard software (4). The
volumetric BMD (BMAD) of the lumbar spinewas calculated
to correct for bone size. Lumbar spine mainly consists of
trabecular bone, whereas the bone of the total body consists
of 80% cortical bone (5). The BMDs of the lumbar spine and
total body increase with age during childhood (6–11). It is
controversial whether volumetric BMD increases with age
(12–15).
The objective of this study was to gain reference values of

BMD for healthy Dutch children and to evaluate the influ-
ence of age, weight, height, puberty, calcium intake, and
physical activity on BMD.

Subjects and Methods
Subjects

A total of 500 children and adolescents between 4–20 yr of age were
examined (205 boys and 295 girls). The ethnicity was Caucasian for 444
children (188 males), black for 21 children (7 males), and Asian for 35
children (9 males). The non-Caucasian children were analyzed as a
separate group. The participants were recruited from three primary
schools and two secondary schools of the city of Rotterdam in cooper-
ation with the Organization of Child and Adolescent Welfare of Rot-
terdam. The study protocol was approved by the ethics committee of the
University Hospital Rotterdam.Written informed consent was obtained
from parents or from subjects older than 16 yr of age.

Methods

Aquestionnairewas administered to all subjects to determine calcium
intake, physical activity, vitamin and fluoride use, medical history,
smoking, prematurity at birth, low birth weight, previous fractures,
menarche, regularity of menstrual periods, use of oral contraceptives,
and country of birth of both parents during an interview. The questions
were asked of one of the parents and in the older children also of
themselves. Calcium intake was determined by a detailed food fre-
quency questionnaire of dairy products (16). Habitual physical activity
included physical education classes, organized sports, recreational ac-
tivity, and habitual walking and cycling and was measured in minutes
per week (17). Children who were treated with oral corticosteroids,
anticonvulsants, or heparin or who suffered from metabolic bone dis-
ease; disease of the kidneys, liver, or thyroid; diabetes mellitus; or cystic
fibrosis were excluded from the study (n 5 4). Height was measured
with a fixed stadiometer. Weight was measured without shoes on a
standard clinical balance.

As validated previously (18), pubertal developmentwas evaluated by
self-assessment of breast and pubic hair stage in girls and genitalia and
pubic hair stage in boys, according to themethod of Tanner (19). Subjects
were given pictures and written descriptions, and selected the picture
that most accurately reflected their appearance. When there were dis-
crepancies between the two variables, greater emphasis was placed on
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the degree of breast development in girls and of genital development in
boys for the determinations of Tanner stage.

BMD (grams per cm2) of lumbar spine and total body were measured
by dual energy x-ray absorptiometry (DXA; Lunar DPXL/PED, Lunar
Radiation Corp., Madison,WI). Pediatric softwarewas used for children
with a weight below 30 kg. During measurement of the lumbar spine,
the child was supine, and the physiological lumbar lordosis was flat-
tened by elevation of the knees. All measurements were performed and
analyzed by the same person (A.B.). Quality assurance was performed
daily. The coefficient of variation has been reported to be 1.04% for spine
BMDand 0.64% for total body BMD (20). The coefficient of variationwas
not determined, because it was considered unethical to measure a child
several times. Of 43 children only, the BMD of the lumbar spine was
measured.

The BMD (grams per cm2) from this measurement is an areal density
that varies with bone size. Ancillary DXA-derived data were used to
calculate apparent BMAD of the lumbar spine with the model BMAD 5
BMD 3 [4/(p 3 width)]. The lumbar body was assumed to have a
cylindrical shape. The validity of this model was tested using in vivo
volumetric data obtained from magnetic resonance imaging of lumbar
vertebrae (21).

Statistical analysis

The best model for adjustment for age was chosen by multiple re-
gression analysis. Multiple regression analysis was used to determine
the association of various factors with BMD. Dummy variables were
used for categorical variables that had more than two categories. Two
sample t tests were used to test differences in calcium intake and phys-
ical activity between boys and girls.

Results

The BMDof lumbar spine and total body and lumbar spine
BMAD increased with age (Fig. 1 and Table 1). Due to the
small number of subjects between 18–20 yr of age, they were
combined in one group in Table 1. During puberty, the in-
crement was higher than before puberty. The accumulation
started to increase at the age of 11 yr in girls and at the age
of 13 yr in boys. The variance increased during puberty. After
the age of 16 yr, the age-dependent increase in BMD leveled
off in girls, whereas in boys it continued. Girls had higher
lumbar BMD and BMAD than boys at all ages. There was no
difference in total body BMD between boys and girls.
The best model for adjustment for age resulted in a model

for girls with the factors age, age2, and age3 and for boyswith
the factors age and age2, for BMD as well as for BMAD.
Adjustment for age was performed in this way unless re-
ported otherwise.
The associations of the various factors with BMD and

BMAD adjusted for age are listed in Table 2.
After adjustment for age, height had a significant positive

association with lumbar spine and total body BMD in boys
and with lumbar spine BMD in girls. Height had no signif-
icant association with BMAD in both sexes after adjustment
for age.
Weight correlated significantly with all three BMD vari-

ables after adjustment for age.
Tanner stage had a significant positive association with

BMD and BMAD of the lumbar spine and with total body
BMD in boys and girls. The increases between the Tanner
stages are shown in Table 3.
After adjustment for age, Tanner stage correlated still sig-

nificantlywith lumbar spine BMDandBMADand total body
BMD in girls (respectively, P , 0.001, P 5 0.001, and P ,
0.001). The increases between Tanner stage III to IV and IV

to V were significant in girls for all three BMD variables
adjusted for age.
After adjustment for age, Tanner stage correlated signif-

icantly with lumbar spine BMD (P 5 0.03), but not with total
body BMD or lumbar spine BMAD in boys.
One hundred and forty-three girls had experienced men-

arche. Girls of the same age who had experienced menarche
had higher lumbar spine and total body BMD and spinal
BMAD than girls who had not. To evaluate whether the age
at menarche influenced BMD, an analysis was performed of
the girls who had experiencedmenarchewith adjustment for
age. An earlier age at menarche was associated with a higher
BMD (regression coefficient 5 0.0032 for lumbar spine BMD
and 0.0025 for total body BMD; both P , 0.001). There was
no significant association for BMAD. The girls with regular
periods had higher total body BMD than girls with irregular
periods (regression coefficient 5 0.043; P 5 0.01) indepen-
dent of age. For lumbar spine BMD and BMAD, the differ-
ence did not reach significance (respectively, P 5 0.06 and
P 5 0.96).
The mean calcium intake of the Caucasian children was

1180 mg/day (sd 5 516). There was no significant difference
in calcium intake between boys and girls and no significant
correlation with age.
Calcium intake had no significant associationwith BMD in

girls. In boys, calcium intake was positively correlated to
total body BMD (P , 0.01) independent of age; the effect did
not reach significance for lumbar spine BMD (P 5 0.12).
Calcium intake had no significant association with lumbar

spine BMAD in either sex.
Physical activity was significantly higher in boys than in

girls [mean, 9.1 (sd 5 5.4) vs. 7.5 (sd 5 4.0) h/week; P ,
0.001]. Physical activity had no significant association with
BMD and BMAD in girls. In boys, physical activity had a
significant positive correlation with lumbar spine (P , 0.05)
and total body (P , 0.05) BMD after adjustment for age, but
not with lumbar spine BMAD.
Ethnicity had no significant association with BMD or

BMAD in boys. In girls, ethnicity had a significant influence
on total body BMD. The girls of Asian ethnicity had a lower
total body BMD than the Caucasian girls. The BMD and
BMADof the childrenwith black ethnicity did not differ from
those of the other children.
The childrenwithAsian ethnicity had a significantly lower

calcium intake than the Caucasian children (759 vs. 1180
mg/day). The Asian girls had a significantly lower physical
activity (4.9 vs. 7.5 h/week) than the Caucasian girls. The
physical activity of the Asian boys was not significantly
different. The calcium intake and physical activity of black
children were not significantly different from those of Cau-
casian children.
A history of prematurity (n 5 18) or low birth weight

(n 5 24), smoking (n 5 32), two or more fractures in the past
(n 5 22), use of oral contraceptives (n 5 30), and the use of
vitamins (n 5 126) or fluoride (n 5 69) were not associated
with BMD or BMAD.
Stepwise forward selection in multiple regression analysis

with weight, height, Tanner stage, calcium intake, and phys-
ical activity as determinants with adjustment for age and
with BMDas the dependent variable resulted in amodelwith
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weight and Tanner stage for lumbar spine BMD in girls and
explained 80%of the variance. The factorsweight andTanner
stage had a significant influence on total body BMD (r2 5
85%), and the factor Tanner stage had a significant influence
on lumbar spine BMAD of girls (r2 5 57%).

The model for lumbar spine BMD of boys included the
factors weight and height (r2 5 85%). Weight and calcium
intake were the factors with a significant influence on total
body BMD of boys (r2 5 88%). The model for BMAD of boys
included the factor weight (r2 5 46%).

FIG. 1. Relation between age and BMD of the lumbar spine (BMDL; grams per cm2), total body BMD (BMDTB; grams per cm2), and BMAD
of the lumbar spine (grams per cm3) in boys and girls. The line shows the best-fitted function with the factors age, age2, and age3 for girls and
age and age2 for boys. The dotted lines represent the 5% and 95% prediction limits.
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Discussion

In this study determinants of BMD were evaluated in 500
healthy children and adolescents.Weight in boys and Tanner
stage in girls had a significant and independent correlation
with all three BMD variables.
Determinants of BMD in healthy persons are genetic-

ethnic factors, hormonal status, calcium intake, physical
activity, and weight. Forty-six to 62% of the variance in
BMD could be attributed to genetic factors in a study with

parents and their children (22). Twin studies showed a
higher heritability, up to 80% (23, 24). This might be an
overestimation as a result of more common lifestyle
factors.
Bone density is higher in black than in white subjects and

lower in Chinese and Japanese (25, 26). We found a lower
total body BMD of girls of Asian ethnicity than of Caucasian
girls. The lower bone density in Asians might be attributed
to low calcium intake (26). Calcium supplementation in-

TABLE 1. Mean BMD values of lumbar spine (BMDL; grams per cm2), BMAD of lumbar spine (grams per cm3), BMD of total body
(BMDTB; grams per cm2), and SDs in boys and girls

Age (yr) n BMDL SD BMAD SD n BMDTB SD

Boys
4–5 9 0.591 0.09 0.250 0.03 9 0.781 0.05
5–6 12 0.625 0.06 0.261 0.03 12 0.826 0.02
6–7 10 0.656 0.07 0.260 0.03 10 0.843 0.03
7–8 13 0.720 0.06 0.282 0.04 13 0.866 0.03
8–9 11 0.685 0.05 0.261 0.03 11 0.870 0.04
9–10 8 0.755 0.08 0.288 0.03 8 0.892 0.05
10–11 11 0.726 0.08 0.257 0.03 11 0.894 0.05
11–12 9 0.791 0.07 0.282 0.03 9 0.929 0.04
12–13 18 0.846 0.08 0.282 0.03 10 0.961 0.07
13–14 17 0.868 0.13 0.280 0.03 15 0.998 0.10
14–15 16 0.977 0.17 0.306 0.04 15 1.030 0.09
15–16 12 1.058 0.10 0.312 0.03 9 1.111 0.04
16–17 11 1.119 0.12 0.319 0.03 9 1.133 0.11
17–18 19 1.204 0.11 0.347 0.04 17 1.187 0.08
18–20 12 1.238 0.16 0.355 0.03 11 1.202 0.11

Girls
4–5 9 0.624 0.04 0.278 0.02 9 0.795 0.02
5–6 9 0.674 0.07 0.288 0.02 9 0.810 0.03
6–7 11 0.708 0.08 0.288 0.03 11 0.828 0.06
7–8 14 0.710 0.03 0.290 0.03 14 0.843 0.03
8–9 11 0.749 0.10 0.301 0.05 11 0.860 0.05
9–10 9 0.745 0.08 0.296 0.04 9 0.863 0.03
10–11 8 0.767 0.10 0.297 0.04 8 0.863 0.07
11–12 11 0.887 0.14 0.313 0.03 11 0.969 0.11
12–13 15 0.950 0.13 0.327 0.03 10 0.974 0.09
13–14 30 1.024 0.15 0.345 0.04 25 1.021 0.09
14–15 32 1.121 0.15 0.364 0.04 30 1.081 0.07
15–16 28 1.239 0.12 0.396 0.04 23 1.126 0.08
16–17 26 1.230 0.15 0.392 0.05 23 1.143 0.09
17–18 22 1.214 0.11 0.390 0.03 21 1.156 0.06
18–20 21 1.246 0.15 0.397 0.05 20 1.159 0.07

TABLE 2. Association of various factors with lumbar spine BMD (BMDL; grams per cm2), total body BMD (BMDTB; grams per cm2), and
lumbar spine BMAD (grams per cm3) after adjustment for age

Boys Girls

Regression coefficient
(1/1000)

P value Regression coefficient
(1/1000)

P value

Ht (cm)
BMDL 7.04 ,0.001 3.62 0.002
BMDTB 3.53 ,0.001 0.79 NS
BMAD 0.31 NS 0.42 NS

Wt (kg)
BMDL 5.48 ,0.001 5.73 ,0.001
BMDTB 5.40 ,0.001 5.15 ,0.001
BMAD 0.63 0.02 0.75 0.01

Calcium intake (3100 mg/day)
BMDL 2.57 NS 1.07 NS
BMDTB 2.95 0.009 0.74 NS
BMAD 0.50 NS 0.05 NS

Physical activity (h/week)
BMDL 3.11 0.04 0.17 NS
BMDTB 2.11 0.04 0.06 NS
BMAD 0.23 NS 0.03 NS
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creased the bone mineral content of Chinese children with
habitually low calcium intakes (27).
Our values for lumbar spine BMD are higher than pub-

lished values of Finnish children (13) and comparable to
those of Spanish children (6) measured using DXA equip-
ment from the same manufacturer. There may be geograph-
ical differences in BMD. A study in adults found higher
incidence rates of hip fractures in the northern part of Europe
compared to the rest of Europe (28).
During puberty, there was a large increase in BMD and

BMAD. Lumbar spine BMD and BMAD and total body BMD
increased significantly with higher Tanner stages, as was
previously found for lumbar spine BMD (6, 10, 29) and total
body BMD (7). During puberty, GH as well as sex steroid
levels increase, and both have a positive influence on BMD
(30, 31). The influence of puberty on BMDwas higher in girls
than in boys. In multiple regression analysis, Tanner stage
did not correlate significantly with BMD in boys, whereas in
girls it was the major determinant. Animals studies showed
a more important role of estrogen than of androgen in min-
eralization of the skeleton (32). Estrogen is an important
determinant of BMD in girls during puberty. This is illus-
trated by our results showing that girls who had an early
menarche or regular periods had higher BMD. Other studies
showed that late menarche and amenorrhea in ballet dancers
and patients with anorexia nervosawere related to a reduced
BMDand fractures (33–36). Late puberty and amenorrhea are
risk factors for low BMD in girls.
A few studies showed that persons who consume greater

quantities of calciumearly in life have greater bonemass later
(37, 38). Peak bone mass is optimal when the threshold cal-
cium balance is met (39). The threshold is the level of calcium
intake below which skeletal accumulation of calcium varies
with intake and above which it remains constant. According
to Matkovic et al. (39), the threshold values are higher than
the recommended dietary allowances for calcium (800 mg/
day during childhood and 1200 mg/day during adoles-
cence). The mean calcium intake in our study was 1180
mg/day.
Johnston et al. (40) showed that calcium supplementation

(1000mg calcium/day) enhanced the rate of increase in BMD
in prepubertal children. This study was a 3-yr, double blind,
placebo-controlled trial in 70 pairs of identical twins. The
increase in BMD was twice as high at the radius (cortical
bone) as at the lumbar spine (trabecular bone).We also found
a higher correlation between calcium intake and total body

BMD, which mainly consists of cortical bone, than between
calcium intake and lumbar spine BMD in boys.
An adequate calcium intake during childhood is important

for optimal mineralization of the skeleton.
Slemenda et al. (41) found that the total hours of weight-

bearing activity per week was positively correlated to BMD
of the radius and hip in boys and girls 5–14 yr of age. Other
studies found a positive correlation between physical activ-
ity and lumbar spine BMD (42) or femoral neck BMD (13) in
children. In a prospective study it was found that the men
and women with the highest levels of exercise at the age of
9–18 yr had higher femoral BMD at the age of 20–29 yr than
those with the lowest levels; only the men with the highest
levels of exercise had also higher BMD of the lumbar spine
(43). In our study, physical activity had a positive association
with BMD in boys only. The low variance in physical activity
in girls may be the reason why no association was found
between physical activity and BMD in girls.
The effect of weight on BMD is due to load on weight-

bearing bones (44), comparable to the influence of physical
activity. Children who are underweight and inactive are at
risk of developing low BMD.
DXA measures bone mineral content within the projected

area; the correction for area removes some, but not all, of the
dependence on bone size. To correct completely for bone
size, we calculated volumetric density for the lumbar spine;
this was not possible for the total body measurement. Bone
size might be an independent determinant of bone strength
(45, 46). Studies showed the relation between areal BMD and
both strength (47) and fracture risk (48), which justifies the
use of areal BMD. Diagnostic sensitivity was higher, and
precision error was lower for BMD than for BMAD in post-
menopausal women (46). Data for the true volumetric den-
sity of children are scarce, because of the high radiation dose
of quantitative computed tomography. A study of true volu-
metric spinal bone density measured by quantitative com-
puted tomography showed no increase between 2 and 12 yr
in girls (12). Kröger et al. (13) and Lu et al. (15) found a
significant age-dependent increase in calculated lumbar
spine BMAD in girls and boys. Our results also showed an
increase in BMAD with age.
Height, calcium intake, and physical activity had no sig-

nificant influence on spinal BMAD; therefore, the influence
of these variables on spinal BMD could be due to an increase
in bone size.
This cross-sectional study provides reference values for

TABLE 3. Mean BMD (6SD) of lumbar spine (BMDL) and total body (BMDTB) and BMAD per Tanner stage

Tanner
stage

Boys Girls

n BMDL BMDTB BMAD n BMDL BMDTB BMAD

I 79 0.69 6 0.09 0.86 6 0.06 0.27 6 0.03 67 0.71 6 0.08 0.84 6 0.05 0.29 6 0.03
II 24 0.82 6 0.10a 0.94 6 0.07a 0.28 6 0.03 14 0.83 6 0.07b 0.93 6 0.05a 0.30 6 0.01
III 14 0.91 6 0.15c 1.02 6 0.10c 0.29 6 0.04 21 0.96 6 0.15b 0.97 6 0.08 0.33 6 0.04
IV 46 1.08 6 0.17d 1.11 6 0.12b 0.32 6 0.04b 74 1.14 6 0.15d 1.08 6 0.09d 0.37 6 0.04d

V 26 1.17 6 0.14b 1.15 6 0.09c 0.34 6 0.04c 79 1.22 6 0.14d 1.15 6 0.08d 0.39 6 0.04a

a P , 0.001 vs. previous stage.
b P , 0.01 vs. previous stage.
c P , 0.05 vs. previous stage.
d P , 0.0001 vs. previous stage.
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lumbar spine and total body BMD of children and adoles-
cents of a West-European country. Lumbar spine and total
body BMD and lumbar spine BMAD increase with age, with
a higher increment during puberty. Determinants of BMD
are age, sex, genetic-ethnic factors, hormonal status, calcium
intake, physical activity, and weight. The major determinant
of BMDduring childhood appeared to beweight in boys and
pubertal development in girls.
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