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Abstract Fragility fractures are correlated to reduced
bone size and/or reduced volumetric bone density
(vBMD). These region-specific deficits may originate
from reduced mineral accrual and/or reduced skeletal
growth during the first 2 decades of life. Before patho-
logical development can be defined, normal skeletal
growth must be described. To evaluate growth of bone
size, accrual of bone mineral content (BMC), areal bone
mineral density (aBMD) and vBMD in a population-
based cohort, 44 boys and 42 girls were followed by
annual measurements from the age of 12 to 16 (atten-
dance rates 90-100%). Segmental bone length, bone
width, BMC, aBMD and vBMD were measured by
dual-energy X-ray absorptiometry (DXA). Data were
compared with predicted adult peak, as determined in 36
men aged 27.7+4.6 years and 44 women aged 26.8 £4.9
years. Growth in width of the femoral neck precedes
accrual of BMC in the femoral neck in both genders up
to age 15. The girls were at all ages closer to their
predicted adult peak in both bone width and BMC
compared with the boys except in the femoral neck.
As femoral neck vBMD had reached its predicted
adult peak already at 12 years in both genders, the in-
crease in femoral neck BMC and femoral neck aBMD
from age 12 to 16 was most likely to be explained by the
increase in bone size. In boys the peak velocity growth
was recorded at ~14 years for BMC, height, width and
lean mass. Growth from the age of 12 to 16 seems to
build a bigger but not a denser skeleton in the femoral
neck.
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Introduction

Bone fragility which increases the fracture risk may be
conferred by a reduction in bone size, bone mass and/or
changes in the three-dimensional skeletal architecture [1,
2]. The measurement for bone density used in the clinical
setting, namely areal bone mineral density, aBMD, g/
cm’, may in fracture patients partly be artifactural, as
fragility fractures are related to reduced bone size [2].
aBMD does not account for the third dimension, the
skeletal depth, so that a smaller bone will be reported as
having a lower aBMD than a larger bone even if it has
the same volumetric BMD, vBMD, g/cm?. Skeletal size
and vBMD are both independent risk factors for fra-
gility fractures [2, 3]. Women and men who have had a
spine fracture have both a smaller vertebral body and
lower vBMD, but normal femoral neck size and femoral
neck vBMD compared to controls [2, 3]. Women and
men who have suffered a hip fracture have lower femoral
neck vBMD but normal spine vBMD, while only the
men with a hip fracture have a smaller femoral neck size
compared to controls [2, 3]. The reduced skeletal size
and/or reduced vBMD in fracture patients may be the
result of failed bone growth and/or reduced bone accrual
during the first 2 decades in life and/or excessive bone
loss and/or failed periosteal expansion during adult life.
Finding a reduced aBMD in children of patients with
fragility fracture indicates that a low peak aBMD may at
least partly account for the low aBMD found in the
fracture patients [4, 5, 6]. Thus, illness or other factors
disturbing the skeletal modeling during adolescence may
interfere with skeletal growth and mineral accrual, per-
haps irreversibly. Depending on age, different skeletal
deficits will then occur. A region and trait further from
the predicted adult peak will develop a more severe
deficit than a region closer to the predicted adult peak if



intervened by a disease [7]. In order to increase our
knowledge of the pathogenesis of osteoporosis and the
expected deficits that may develop if illness occurs dur-
ing childhood, we must first define the normal growth
pattern.

However, most published studies in growing children
are non-population based, cross-sectional [§8, 9] and the
discrepancy between cross-sectional and longitudinal
data are well described [10, 11]. Additionally, longitu-
dinal studies in growing children with more than two
measurements are scarce, although a few have been
published [12, 13, 14, 15].

The purpose of this longitudinal, population-based
study was to evaluate the skeletal growth from the age
12 to 16 years in both girls and boys. We postulated that
a difference in peak growth rate occurs, between girls
and boys and with respect to growth in size and accrual
of mass. We proposed the questions: (i) whether growth
in bone size precedes accrual of mass, (ii) whether
growth in bone size and accrual of mass in girls precedes
growth in bone size and accrual of mass in boys, and (iii)
whether there is a time lag between peak velocity width/
peak velocity height and BMC.

Materials and methods

Subjects

All pupils at a rural village in southern Sweden (S6sdala, popula-
tion 2900), 45 girls and 48 boys, aged 12 and 13 years, were in-
cluded in this longitudinal, population-based study. The children
were all healthy and none was excluded. Bone mineral data from
this population have previously been published with relation to
physical activity [16, 17]. Bone size and bone mass were evaluated
annually from age 12 or 13 to 16 years. Seven children moved
during the study period, resulting in 86 children with at least two
consecutive measurements available for inclusion in the final
database. Twenty-three girls and 15 boys aged 12 years at baseline
and 19 girls and 29 boys aged 13 years at baseline participated. Five
measurements were offered to the 12-year-old pupils. Twenty-six of
them attended all five measurements, nine for four, one for three,
and two attended two measurements. Four measurements were
offered to the 13-year-old pupils. Forty-five of them attended all
four measurements and three attended three measurements. Only
individuals with two consecutive measurements are included when
longitudinal data are presented. (The attendance rate was between
90 and 100% at all measurements.) To compare growth data in the
present population with predicted adult peak, a comparison was
made with 36 men aged 27.7+4.6 years and 44 women aged
26.8+4.9 years from the same geographical region. They were
measured by the same equipment and have previously been pub-
lished as normative Swedish data [18].

Measurements

Bone size and bone mass were evaluated by dual-energy X-ray
absorptiometry (DXA: Lunar DPX-L version 1.3z, Lunar, Madi-
son, Wisc., USA). Bone mineral content, BMC, g, and aBMD were
evaluated for the total body, spine and femoral neck, representing
weight loaded skeletal regions, and of the head, representing an
unloaded region. Femoral neck, FN bone size (width, cm) and FN
vBMD were derived from the hip scan by the formula
vBMD =BMC/estimated FN volume (mxr’xFN length) where
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r=FN mid-diameter/2, assuming the FN to be cylindrical [2,19,20].
Total fat mass (kg) and total lean mass (kg) were derived from the
total body scan. The precision, evaluated by duplicate measure-
ments in 14 healthy adult individuals, was for aBMD total body
0.4%, spine 0.5%, FN 1.6% and head 1.7%. The precision for FN
volume was 1.7% and for FN vBMD 1.5%, for total fat mass 4.1%
and total lean mass 0.6%. Long-term precision was 0.6% over the
study period, evaluated by scanning a Hologic spine phantom. The
same equipment and software version was used in all measure-
ments.

Bone mass in the forearm was evaluated by single-energy X-ray
absorptiometry (SXA: Osteometer DTX-100, Osteometer, Den-
mark) in the non-dominant arm. BMC and aBMD were evaluated
in the distal radius and ulna, DR, where the distance between ra-
dius and ulna is 8 mm (cortical bone), and in the ultradistal radius,
UDR, adjacent to the radiocarpal joint (trabecular bone). The
same equipment and software version was used in all measure-
ments.

Height was measured by a standard height meter and weight
with a non-electrical scale. Segmental lengths of the spine, arm and
leg were measured by applying a software ruler on the total body
scan. The spine was measured from the chin to the last lumbar
vertebra, the arm from the superior border of the humeral head to
the wrist joint and the leg from the superior border of the femoral
head to the inferior border of the lateral malleolus.

Pubertal stage was determined according to Tanner and as-
sessed by self-grading using photographs showing the different
Tanner stages [21]. If individuals changed Tanner stage between
two measurements, they were classified as the lower Tanner stage
when the longitudinal changes in size and mass were evaluated in
relation to pubertal development.

Statistical methods

The study was approved by the Ethical Committee of the Univer-
sity of Lund, Sweden. Data are presented in absolute terms, per-
centage terms and as rate of change (cm/year and g/year). To define
the relative pattern of growth in bone size and accrual of mass, each
measurement was expressed as a percentage of the predicted
adult peak as derived from healthy individuals aged 20-40 years.
Whole-year velocity values were calculated individually by divid-
ing the difference between two following measurements with the
age increment and expressed as relative change in percentages to
control for size differences. To determine peak velocity from the
whole-year velocity values a Lowess fitting curve procedure was
used. Student’s z-test between means was used when comparing
boys and girls at different ages or Tanner stages. The statistical
calculations were performed using Statistica version 6.1 (StatSoft,
Inc).

Results

Growth in relation to chronological age

Bone size

Growth in length in the appendicular skeleton preceded
growth in length in the axial skeleton by about 1 year in
both girls and boys (Fig. 1). The girls seemed to reach
their predicted adult peak in total body height, length of
spine, length of arms and length of legs about 2 years
earlier than the boys. The appendicular skeleton was at
12 years about 5% closer to the predicted adult peak
than the axial skeleton in both genders, with a remaining
leg growth of 7% in the girls and 15% in the boys and a
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Fig. 1 Spine length and leg length in girls (@) and boys (A) 12-16
years of age and Tanner stages 2-5 in relation to the expected adult
peak value (=100%). Data are treated as cross-sectional and
includes all measurements available at each age group. Data
presented as mean+SEM. P-values represent t-test between boys
and girls corrected for multiple comparisons (Bonferroni)

remaining spine growth of 12% in the girls and 21% in
the boys (Tables 1 and 2, Fig. 1).

Growth of the FN width followed a similar pattern in
both girls and boys from the age of 14. Both genders
seemed to reach their predicted adult peak at about the
age of 16. The width of the FN had at 12 years a
remaining growth of 15% in the girls and 23% in the
boys (Tables 1 and 2, Fig. 2). At all ages, length was
closer to the predicted adult peak than width in both
genders.

Bone mass

The accrual of BMC in the FN preceded the accrual of
BMC in the spine by about 1 year in the girls and 1-2
years in the boys up to age 14 years (Fig. 3). FN BMC

had virtually reached the predicted adult peak at 16
years in both genders. The FN BMC in the girls was at
12 years 10% closer to the predicted adult peak than the
spine BMC, and the FN BMC in the boys was at 12
years 16% closer to the peak than the spine BMC. The
remaining BMC to be accrued from 12 years was in the
FN 26% for the girls and 36% for the boys, and in the
spine 36% for the girls and 52% for the boys (Tables 1
and 2, Fig. 3). At all ages and for both genders, bone
length and bone width were closer to the predicted adult
peak than BMC (Tables 1 and 2).

vBMD had reached the predicted adult peak already
at 12 years or earlier in both genders (Tables 1 and 2,
Fig. 2). At all ages, vBMD was closer to the predicted
adult peak than BMC.

Peak velocity

For girls, fewer than ten individual peak velocity values
could be identified. For all the others, the peak velocity
values were declining already from the start of the study.
The peak value for the girls most likely appeared before
age 13.

Since the individual peak velocity value for the
measured parameters could only be captured for about
half of the boys (in the other half the highest peak
velocity values were recorded between the last two
measurements or occasionally between the first two), no
true longitudinal mean peak value could be calculated.
Instead, we plotted the relative changes in percentages
between the measurements in Figs 4 and 5 for TB BMC,
TB lean mass, height, FN BMC and FN width. The
peak values, as estimated from the plots, were for all
~13.9 years.

Growth in relation to pubertal development

Bone size

Growth in length in the appendicular skeleton preceded
growth in length in the axial skeleton at every Tanner
stage (Tables 3 and 4, Fig. 1). The girls reached their
predicted adult peak in total body height, length of
spine, length of arms and length of legs at Tanner stage
4, whereas the boys reached their predicted adult peak in
total body height and segmental lengths at Tanner stage
5. The appendicular skeleton at Tanner stage 2 was 5—
8% closer to the predicted adult peak than the axial
skeleton in both genders, with a remaining leg growth of
5% in the girls and 14% in the boys, and a remaining
spine growth of 10% in the girls and 22% in the boys
(Tables 3 and 4, Fig. 1).

The growth of FN width in girls preceded the growth
of the FN width in boys at Tanner stages 2—4. Both
genders reached their predicted adult peak at Tanner
stage 5. The FN width at Tanner stage 2 had a
remaining growth of 15% in the girls and 25% in the
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Fig. 2 Bone mineral content (BMC), bone size (width), areal bone
mineral density (aBMD) volumetric bone mineral density (vBM D) in
the femoral neck for ages 12 to 16 in girls (@) and boys (A) in relation
to the expected adult peak value (= 100%). Data are treated as cross-
sectional and include all measurements available at each age group.
Data presented as mean+SEM P-values represent z-test between
boys and girls corrected for multiple comparisons (Bonferroni)

boys (Tables 3 and 4, Fig. 2). At all Tanner stages,
segmental lengths were closer to the predicted adult peak
than the FN width in both genders.

Bone mass

The accrual of BMC in the FN preceded the accrual of
BMC in the spine by about 0—1 Tanner stage in the girls
and 1-2 Tanner stages in the boys (Tables 3 and 4,
Fig. 3). Spine BMC in the girls and FN BMC in the boys
had reached their predicted adult peak at Tanner stage
5. The FN BMC at Tanner stage 2 was 14% closer to the
predicted adult peak than the spine BMC in the girls,
and 16% closer to the predicted adult peak in the boys.
The BMC remaining to be accrued at Tanner stage 2 was
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Fig. 3 Femoral neck (FN) bone mineral content (BMC) and spine
BMC in girls (@) and boys (A) of age 12-16 years, and Tanner
stages 25 in relation to the expected adult peak value (=100%).
Data are treated as cross-sectional and include all measurements
available at each age group. Data are treated as cross-sectional and
include all measurements available at each age group. Data
presented as mean+SEM P-values represent f-test between boys
and girls corrected for multiple comparisons (Bonferroni)

in the FN 26% for the girls and 41% for the boys, and in
the spine 40% for the girls and 57% for the boys
(Tables 3 and 4). At Tanner stages 2—4, bone length and
bone width were closer to the predicted adult peak than
BMC in both genders (Tables 3 and 4).

vBMD had reached the predicted adult peak already
at Tanner stage 2 or earlier in both genders. At all ages,
vBMD was closer to the predicted adult peak than the
BMC.

Discussion

We report in this 4-year longitudinal, population-based
study that (i) growth in bone size precedes the accrual of
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Fig. 4 Boys velocity change (%) 35
per year plotted for total body o
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Fig. 5 Boys velocity change per 60
year plotted for femoral neck
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mass in both genders, (ii)) growth in bone size and ac- velocity width/peak velocity height and BMC accrual
crual of mass in girls precedes the growth in bone size could be observed for boys.

and accrual of mass in boys, (iii) peak vBMD in the The results regarding growth and bone mass as
femoral neck was reached already at 12 years (or earlier) evaluated by DXA, have previously been described with
in both genders and (iv) no time lag between peak more or less the same outcome in previous longitudinal
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Table 3 Growth in girls from one Tanner stage to the next. Data are the mean+SD. In addition, the value as percent of the predicted

adult peak is shown for each Tanner stage

Growth from % of peak Growth from % of peak Growth from % of peak Growth within % of peak

stage 2-3 at stage 2 stage 3-4 at stage 3 stage 4-5 at stage 4  stage 5 at stage 5
Number 19 - 30 - 48 - 22 -
Age (years) 12.7+0.5 - 13.2+0.9 - 14.2+0.9 - 14.6+£0.6 -
Height (cm) 54422 93 3.8+1.9 96 1.6+1.38 98 1.2+09 99
Weight (kg) 54+2.0 74 5.1+3.1 83 22+3.3 91 2.3+3.6 102
Total fat mass (kg) 1.7+£1.8 57 22+23 70 1.5+£2.5 84 1.2+3.2 108
Total lean mass (kg) 3.4%1.1 78 27+1.8 85 0.73£1.5 91 1.1£1.2 96
Segmental length (¢cm)
Spine 1.9+1.0 90 20+1.6 93 0.7+1.3 98 09+1.3 100
Arm 2.1+£1.3 94 2.1£19 96 0.1+1.1 98 0.1+14 100
Leg 2.8+1.7 95 1.6£1.3 96 04+1.1 98 02+1.3 99
Skeletal width (c¢cm)
Femoral neck 0.1+£0.4 85 0.1+£0.3 89 0.1+0.3 93 0.2+0.3 94
BMC(g)
Total body 296+ 102 68 276 £ 115 77 134119 91 99+95 102
Spine 36.5+£20.0 60 35.2+20.8 71 15.6+£22.5 88 9.9+33.6 102
Femoral neck 0.36+0.53 74 0.38+0.60 80 0.18+0.51 91 0.42+0.66 97
Distal radius 0.19+£0.11 - 0.26+0.08 - 0.18£0.11 - 0.17+0.09 -
Ultradistal radius 0.10£0.27 - 0.124+0.19 - 0.12£0.15 - 0.15+0.19 -
aBMD(g/en?’)
Total body 0.05+0.02 85 0.06+0.03 89 0.03+£0.03 97 0.03+£0.02 101
Spine 0.03+0.04 82 0.05+0.06 87 0.06 +0.08 96 0.08 +0.08 104
Femoral neck 0.07+0.06 87 0.05+0.07 90 0.02+£0.05 98 0.04+0.07 103
Head 0.09+0.08 78 0.12+0.08 81 0.09+0.07 92 0.10+0.08 97
Distal radius 0.01+£0.02 - 0.03+0.01 - 0.03£0.02 - 0.02+0.01 -
Ultradistal radius 0.02+0.03 - 0.02+0.03 - 0.01£0.02 - 0.01£0.01 -
VvBMD(g/cni’®)
Femoral neck 0.03+0.06 103 0+0.05 102 0+0.05 105 -0.01+0.05 110

or cross-sectional studies [9, 12, 14]. The contribution of
our study is the high attendance rate, population-based
longitudinal measurements. Furthermore, it is not clear
if results from other parts of the world could be applied
on other populations apart from Scandinavian, and this
is the first prospective study from Scandinavia in this age
group. In most longitudinal studies, the numbers of
individual measurements exceeding two are scarce. This
often means when analyzing data, there is a tendency to
mix cross-sectional and longitudinal in the same pre-
sentation. This is also a problem in our study where the
numbers differ at each measurement. The strength in our
study is the high attendance rate (83%), which means
that the analyses will be more longitudinal than cross-
sectional.

Understanding bone fragility requires a knowledge of
the development of the appendicular and the axial bone
size and mineral accrual during growth, and a knowl-
edge of bone loss during aging. Throughout the period
of growth, bone size is closer to the expected adult peak
than the mineral accrued within the periosteal envelope.
Before puberty, the growth of the legs and arms is more
rapid than the growth of the trunk, and during puberty,
appendicular growth slows and axial growth accelerates
[22, 23]. The growth pattern is also gender-specific, with
girls closer to their predicted adult peak than boys at the
same age and at the same pubertal stage [10, 22, 23, 24,

25]. The present study supports the studies cited, of a
heterogeneous skeletal development during the period of
growth [22, 23, 25, 26, 27], and also infers that growth in
Scandinavian adolescents resembles growth in previous
published cohorts.

We could not repeat the results of Bailey et al. [10]
concerning peak velocity curves. For the girls, we would
have needed further measurements prior to age 12-13
years. For the boys, the true longitudinal peak for each
individual could not be calculated, because like in the
girls we would have needed further measurements. We
could not detect a time lag difference between the dif-
ferent traits like Bailey et al.; however, our data cannot
rule out that this also exists in the Scandinavian cohort.
The velocity curves for boys TB lean mass and BMC
seems to be almost identical, which means that during
this period of life the skeleton’s response to load seems
to be of minor importance. A previous report from our
group supports this [17].

The trait-, region- and gender-specific differences of
growth in relation to chronological age and pubertal
development indicates that the regulation of growth
differs. Data in the literature support this; before pub-
erty, periosteal expansion increases more than endosteal
expansion, with increased cortical thickness as a result
[22, 25]. During puberty, the periosteal expansion
decreases in females, whereas it accelerates in males,
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Table 4 Growth in boys from one Tanner stage to the next. Data are the mean +SD. In addition, the value as percent of the predicted

adult peak is shown for each Tanner stage

Growth from % of peak Growth from % of peak Growth from % of peak Growth within % of peak

stage 2-3 at stage 2 stage 3-4 at stage 3 stage 4-5 at stage 4 stage 5 at stage 5
Number 14 - 37 - 60 - 17 -
Age (years) 129+0.8 - 13.4+£0.8 - 14.4+0.7 - 14.7+£0.6 -
Height (cm) 7.1+£23 85 74+2.1 88 51425 94 2.8+1.6 97
Weight (kg) 6.1+1.7 55 6.3+3.0 64 4.8+3.5 74 3.0+3.3 83
Total fat mass (kg) 1.3+£1.9 65 -0.2+23 72 -0.1+34 64 0.5+2.6 62
Total lean mass (kg) 47+22 51 6.2+2.4 59 4.6+29 74 23+1.4 85
Segmental length (¢cm)
Spine 2.5+19 78 33£1.6 82 25+1.7 92 1.7+£1.3 98
Arm 27+1.6 84 29+1.5 88 1.8+1.8 94 0.6+£1.5 97
Leg 45+1.5 86 38+1.4 90 2.1+£1.5 96 09+14 98
Skeletal width (c¢cm)
Femoral neck 0.1+0.3 75 0.2+0.2 80 0.2+0.2 91 0.1+£0.2 98
BMC(g)
Total body 252+94 51 385+135 60 310+£130 76 235+132 90
Spine 33.7+10.1 43 39.0+204 56 41.5+23.7 76 28.8+£26.7 93
Femoral neck 0.33+0.66 59 0.62+0.5 71 0.70+0.49 89 0.38+0.63 103
Distal radius 0.20+0.17 - 0.35£0.20 - 0.38+0.18 - 0.32+0.11 -
Ultradistal radius 0.12+0.18 - 0.19+£0.20 - 0.194+0.27 - 0.20+£0.28 -
aBMD(g/en?’)
Total body 0.02+0.03 77 0.06£0.03 82 0.06+0.03 89 0.05+£0.02 97
Spine —0.01+£0.04 75 0.04+£0.05 80 0.09+0.07 89 0.09+0.07 99
Femoral neck 0.03+0.08 79 0.07+0.07 88 0.06+0.07 98 0.03+0.07 104
Head -0.02+0.07 80 -0.01+£0.07 83 0.09+0.07 85 0.10£0.08 90
Distal radius 0.01+£0.03 - 0.03+£0.02 - 0.04+0.02 - 0.03+0.02 -
Ultradistal radius 0.01+0.02 - 0.03+0.02 - 0.03+0.03 - 0.02+0.03 -
vBMD(g/cni’®)
Femoral neck -0.01+£0.06 107 0+0.04 109 0+0.03 107 —0.01+0.03 105

resulting in a thicker cortical shell and a stronger skel-
eton in males [25, 28]. Endocortical contraction develops
during puberty, more in girls than in boys, increasing the
cortical thickness and bone strength in the girls [22]. The
data in the current study contradict this. As vBMD was
virtually constant in spite of an increasing FN width, it
suggests that also en endocortical expansion occurred in
both genders. Possibly, the periosteal and endocortical
surface develops differently in different bones, but also
different in different regions within the same bone [29].
However, differences in the growth pattern may result in
similar cortical thickness in both genders at the end of
puberty, but a wider and stronger bone as the end result
in boys [30].

BMC and aBMD, the measures used clinically for
bone mineral density, are good predictors of future
fragility fractures [31, 32, 33, 34]. However, the failure of
these measurements to distinguish between the contri-
bution of bone size and bone mass, the two independent
mechanisms for bone fragility (reduced bone size and
reduced vBMD), will lead to an unsatisfactory under-
standing of the pathogenesis of osteoporosis. Reduced
vBMD will occur if a deficit in size is relatively less than
the deficit of mineral accrual within the periosteal
envelope. vVBMD will be a function of the relationship
between size and mass, not just the absolute change in
either.

From 12 years, FN size and FN BMC increase pro-
portionally in healthy children, resulting in a virtually
constant vBMD. As BMC is unadjusted for size and
aBMD only partially adjusted, these traits will increase
during growth [22, 35, 36, 37]. If only aBMD is applied, we
would make erroneous inferences regarding the develop-
ment of bone mass. We infer, supported by the present
data and those of several other studies, that after 12 years,
mainly size accounts for the increase in BMC and aBMD
with age and not an increase in the vVBMD [19, 20, 22, 23,
25, 37, 38]. Gilsanz et al. [38] reported constant vBMD in
the lumbar spine and no difference in vBMD between
boys and girls, but the size of the vertebra was bigger for
boys than girls. Cowell et al. [19]and Luet al. [20] reported
that in contrast to FN aBMD, FN vBMD and midshaft
femur vBMD were more or less constant from 5 to 27
years in a cross-sectional setting and not related to age in
either boys or girls. Bradney et al. [23], and Bass et al. [22]
reported a small but significant increase in midshaft femur
vBMD in late puberty, but virtually no increase prepu-
bertally. One weakness when evaluating vBMD with the
DXA technique is that the estimation of vBMD is only a
hypothetical estimation (an apparent volumetric BMD),
since it calculates the skeletal volume from the measured
skeletal area. Different methods to evaluate the vBMD
may reach different outcomes. Also, the studies cited
above evaluated skeletal regions different from those in



the present study, regions that may be differently devel-
oped maturationally. Furthermore, when Bass et al. [22]
predicted adult peak in the midshaft femoral vBMD 16-
year-old girls were used, an age group in which a small
remaining growth in bone size is expected to occur, as
reported by the same author and by Bradney et al. [23]
Bradney et al. [23] used only 14 men when calculating the
predicted adult peak in the male study, a number in which
a few outliners could confound the predicted adult peak
value. In spite of this, most studies cited support the
finding of a virtually constant vBMD from 12 years, with
increased size conferring the main increases in BMC and
aBMD.

We conclude that growth in bone size in the arms and
legs precedes growth in bone size in the spine, and
growth in size precedes accrual of mass in both genders.
As FN vBMD did not change from 12 to 16 years, the
increase in BMC (and aBMD) was most likely to be
explained by an increase in bone size. Peak velocity
growth was recorded at ~14 years with no time lag
difference between height, skeletal width or BMC. We
conclude that discrepancies in skeletal development may
predispose to region-specific defects should illness
intervene. A better knowledge of the pathogenesis of
osteoporosis may be attained by evaluating whether
bone fragility in old age may, at least partly, be the result
of growth-related interference in skeletal size, mass or
architecture during the first 2 decades in life.
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