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To determine normative reference values for vertebral tra-
becular bone density (TBD) obtained by using quantitative
computed tomography (CT) in healthy white children, teen-
agers, and young adults of both sexes.

The data presented in this HIPAA-compliant study are a
compilation of data from multiple investigations on the
determinants of bone acquisition in healthy children con-
ducted at this institution from 1992 to 2006. The institu-
tional review board for clinical investigations approved the
protocols for each of these studies, and written informed
consent was provided by all parents and/or participants.
Quantitative CT measurements of TBD (in milligrams per
cubic centimeter) were obtained at the first, second, and
third lumbar vertebrae in 1222 healthy white male and
female subjects aged 5-21 years (mean age for male sub-
jects, 15.1 years = 3.6 [standard deviation|; range, 5.6 -
21.9 years; mean age for female subjects, 14.2 years *
3.9; range, 5.7-21.6 years; mean age for both sexes, 14.6
years * 3.8). Mean and standard deviations for TBD were
determined for each age group in 1-year intervals, and
Student ¢ tests for unpaired data were performed to com-
pare male subjects with female subjects.

TBD increased equally during growth in male and female
subjects. Although the percentage increase in TBD was
similar for both sexes (23.7% [57 of 241] for male sub-
jects, 22.2% [54 of 243] for female subjects), the rise
began and reached peak values at an earlier age in female
subjects; increases in TBD occurred from 10-15 years of
age in female subjects, whereas in male subjects, these
increases were not observed until age 12 years and were
completed at 17 years.

This study provides reference standards for quantitative
CT bone measurements in children and young adults,
which may aid in the diagnosis, prevention, and treatment
of pediatric metabolic bone disorders.

© RSNA, 2008
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easurements of bone density

during childhood are commonly

obtained to assess the deficien-
cies in bone accumulation associated
with a multitude of pediatric disorders.
Moreover, the amount of bone that is
gained during growth is an important
determinant of the risk for osteoporosis
later in life (1,2), and available data sug-
gest that the genetic susceptibility to os-
teoporosis is detectable in childhood
(3). Peak bone mass, a major determi-
nant of the future risk of fractures in the
elderly, is largely achieved by the end of
sexual development (4).

Because of its availability, minimal
radiation exposure, and relative ease of
use, dual-energy x-ray absorptiometry
(DXA) is the most commonly employed
quantitative radiologic method to assess
bone mass at any age (5). The interpre-
tation of DXA bone studies is consider-
ably more challenging in children than
in adults. Although reference data and
diagnostic algorithms are available for
children, several investigators have
stressed that DXA frequently leads to
misdiagnoses of osteoporosis in the very
young (6). This is caused, in part, by the
two-dimensional nature of DXA, which
cannot account for the dimension of the
bone in the direction of the x-ray
beams. DXA areal densities (in grams
per square centimeter), therefore, de-
pend on the size of the bone in addition
to its volumetric density (in grams per
cubic centimeter) (7,8). DXA values are
also influenced by inhomogeneities in
soft-tissue composition and fat distribu-
tion (9,10). The inability to account for
growth-related variations in bone and
body size and composition with this pro-
jection technique limits DXA bone de-
terminations and leads to inaccurate
measurements (7,11-14).

In contrast, quantitative computed
tomography (CT) and peripheral quan-

Advance in Knowledge

B This study provides normative
reference values for vertebral tra-
becular bone density obtained by
using quantitative CT in healthy
children, teenagers, and young
adults of both sexes.

titative CT are not subject to these lim-
itations because they provide a three-
dimensional assessment of bone struc-
ture. In addition, these techniques offer
the ability to separate out trabecular
bone, which is eight times more meta-
bolically active than cortical bone
(5,15-18), and provide a direct mea-
sure of volumetric bone density (19).
Currently, although reference data are
available for peripheral quantitative CT
measurements of the appendicular skel-
eton in children, normative data for the
axial skeleton are lacking (20). In the
elderly, quantitative CT measurements
of trabecular bone density (TBD) in the
vertebral body have been shown to have
the strongest capability to aid in the as-
sessment of age-related bone loss and
prediction of osteoporotic vertebral
fractures (21).

Although treatment for osteoporo-
sis has focused mainly on decreasing the
rate of bone loss in the elderly, it is
becoming increasingly clear that inter-
ventions to optimize bone accretion be-
fore it reaches its peak are key for the
planning of early preventive strategies
for this disease. The purpose of this
study was to determine normative ref-
erence values for vertebral TBD ob-
tained by wusing quantitative CT in
healthy white children, teenagers, and
young adults of both sexes.

Materials and Methods

The data presented in this study are a
compilation of multiple investigations
on the determinants of bone acquisition
in healthy children, adolescents, and
young adults at Childrens Hospital Los
Angeles, Los Angeles, Calif, from 1992
to 2006 (19,20,22-35). Included in this
study were 1222 white subjects, aged
5-21 years, who were not taking any
medications and were not known to

Implication for Patient Care

m Providing reference standards for
quantitative CT bone measure-
ments in children and young
adults will aid in the diagnosis,
prevention, and treatment of pe-
diatric metabolic bone disorders.

have any illness. The subjects ranged in
age from 5 to 21 years (mean age for
male subjects, 15.1 years £ 3.6 [stan-
dard deviation|, and range, 5.6-21.9
years; mean age for female subjects,
14.2 years = 3.9, and range, 5.7-21.6
years; mean age for both sexes, 14.6
years * 3.8). The Institutional Review
Board for clinical investigations at Chil-
drens Hospital Los Angeles approved
the protocols for each of these studies,
and written informed consent was ob-
tained from all parents and/or partici-
pants. Compliance with Health Insur-
ance Portability and Accountability Act
requirements was also maintained, and
authorization forms were signed by all
participants examined after introduc-
tion of this standard. The quantitative
CT protocol was designed to keep radi-
ation exposure to a level roughly equiv-
alent to the exposure during a round-
trip airplane flight across North Amer-
ica (14,22), making its use in healthy
subjects possible.

Data from one examination were
included for each of the subjects. Val-
ues for height, weight, and body mass
index and quantitative CT bone mea-
surements were reviewed from avail-
able records. All subjects were as-
sessed by using a quantitative CT

Published online before print
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scanner (Hilite Advantage; GE Medi-
cal Systems, Milwaukee, Wis) with
the same mineral reference phantom
(0, 125, and 250 mg/cm® solid hy-
droxyapatite equivalent) for simulta-
neous calibration (CT-T bone densi-
tometry package; GE Medical Sys-
tems). The sites to be scanned were
identified with lateral scout views.
Measurements of TBD (in milligrams
per cubic centimeter) were obtained
for a 10-mm section centered around
the midpoint of each of the first, sec-
ond, and third lumbar vertebrae by
using 80 kVp, 70 mA, and scanning
time of 2 seconds. Values from this
two-dimensional scanning technique
would be expected to correlate
strongly with values obtained by using
three-dimensional scanning, although
values from the latter may be slightly
higher (23,24). The coefficients of
variation for repeated quantitative CT
measurements of vertebral TBD
ranged between 1% and 2% (25). The
time required to complete the quanti-
tative CT scans was approximately 10
minutes per subject. Radiation was
1.0-1.5 mSyv localized to the midpor-
tions of the L1, L2, and L3 vertebrae;
the effective radiation dose was ap-
proximately 0.1 mSv.

Subjects were grouped in 1-year age
intervals (eg, all subjects aged =9 but
<10 years were in the 9-year age
group). All data are reported with mean
and standard deviation for each age
group. These reference data were used
to calculate z scores, which indicate the
number of standard deviations an indi-
vidual's TBD is above or below the
mean for his or her age. This is the
standard method of evaluating bone
density measurements in children with
a z score below —2.0, which indicates
low bone density for age (6,26). The
data were graphed by using software
(Excel; Microsoft, Redmond, Wash)
and the default smoothing procedures
of the software.

The difference in mean TBD values
was compared among the various age
groups in each sex. Values were con-
sidered to be increasing when they dif-
fered from the previous age group by
at least 5 mg/em?®. They were consid-

ered to have peaked when they dif-
fered by less than this amount for all
subsequent age groups and a linear
regression analysis did not result in a
significant increasing or decreasing
slope over age. The Pearson correla-
tion was used to examine the correla-
tion between TBD and the anthropomet-
ric parameters. Student t tests for un-
paired data were used to compare male
subjects with female subjects in each age

group. Statistical analysis was performed
with software (StatView, version 5.0.1;
SAS Institute, Cary, NC).

Tables 1 and 2 show weight, height, and
TBD values according to age for both
male and female subjects. The youngest
(aged 5-7 years) and oldest (aged
20-21 years) subjects were grouped be-

Table 1

Weight and Height according to Age in 504 Male and 718 Female Subjects

Male Subjects Female Subjects
No. of No. of
Age (y) Subjects Weight (kg)* Height (cm)* Subjects Weight (kg)* Height (cm)*
5-7 15 235+ 6.9 119.7 = 3.6 36 26.2 + 7.8 122.8 = 8.8
8 22 26.7 =49 1241 + 85 52 28.7 + 6.4 1283+ 7.0
9 21 34.0 £ 9.1 133.2+78 36 339+89 136.7 = 10.7
10 21 41.3 +18.5 1415+ 13.6 49 39.8 + 8.9 1415+ 96
11 24 39.6 = 10.3 143.8 = 8.1 49 441 +11.6 146.2 = 9.5
12 34 51.2 £ 15.2 1531 = 11.8 59 509 + 145 153.5 + 8.9
13 39 55.3 £ 14.2 1609 = 7.7 52 57.4 £105 157.3 7.0
14 40 62.4 = 16.3 166.4 = 7.0 51 62.0 = 13.9 158.9 = 124
15 57 71.0 = 18.2 1716 = 7.1 70 60.3 = 14.9 159.7 = 6.0
16 62 69.2 +11.9 173.0 = 8.3 52 66.2 + 20.0 1615+ 7.1
17 59 709 = 16.5 171.8 £ 9.9 68 66.0 = 16.4 161.6 = 5.8
18 49 69.8 + 14.7 171.8 = 8.7 57 65.6 = 14.7 162.1 = 5.0
19 28 79.4 = 17.6 1719+ 6.4 43 64.3 = 15.9 160.6 = 5.7
20-21 33 77.8 = 16.5 1735+ 75 44 68.7 = 19.9 163.1 = 5.5

* Data are the mean = standard deviation.

Table 2

Vertebral TBD according to Age in 504 Male and 718 Female Subjects

Age (y) TBD in Male Subjects (mg/cm?)* TBD in Female Subjects (mg/cm®)* P Value

5-7 241 = 30 243 + 29 .80

8 243 + 29 242 + 32 .83

9 243 + 31 237 = 30 .31
10 239 + 38 240 + 38 91
11 242 + 33 256 + 47 18
12 243 + 35 275 + 43 .0003
13 268 + 44 278 + 42 .28
14 274 + 37 288 + 47 13
15 276 * 40 297 + 47 .008
16 284 + 44 298 + 41 .08
17 295 + 43 298 + 47 .75
18 296 * 46 296 * 43 99
19 298 + 43 298 + 37 .96
20-21 298 + 34 297 + 43 .88

* Data are the mean =+ standard deviation.
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cause of small sample sizes and lack of
differences as a function of age within
these groups. For both male and female
subjects, moderate correlations were
present between values for vertebral
TBD and age, weight, and height (r =
0.38-0.46; all P < .0001) when all ages
were considered together.

TBD increased equally during
growth in male and female subjects. Al-
though the percentage increase in TBD
was similar for both sexes (23.7% for
male subjects and 22.2% for female
subjects), the increase began and
reached peak values at an earlier age in
female subjects; significant increases in
TBD occurred from 10-135 years of age
in female subjects, whereas, in male
subjects, these increases were not ob-
served until age 12 years and were com-
pleted at 17 years (Figure). There were
no sex differences in TBD during the 1st
decade of life (5-10 years of age) nor in
older teenagers.

Bone density assessments are fre-
quently performed in pediatric patients
to facilitate the evaluation of the multi-

ple conditions associated with a defi-
ciency in bone acquisition during
growth and to assess response to ther-
apies (27-30). The aim of the current
study was to provide normal reference
values for the density of trabecular bone
in the axial skeleton of male and female
subjects from childhood to young adult-
hood. These values are not intended to
be used as a sole diagnostic instrument
but should contribute to forming an
overall clinical impression for the child
in whom these measurements are per-
formed and are an improvement over
current tools to evaluate bone in pedi-
atric clinical and research settings.
The results of this study corroborate
previous data indicating that vertebral
bone density does not differ in male and
female subjects before the onset of pu-
berty or after sexual maturity but in-
creases significantly during sexual de-
velopment and achieves peak values by
the end of the 2nd decade of life (31—
34). Our findings are also concordant
with those in studies that suggest that
sex differences in peak bone mass in the
axial skeleton, a major determinant of
future susceptibility to vertebral frac-
tures in the elderly, do not result from

Radiology: \/olume 250: Number 1—January 2009
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differences in TBD (31,35). Indeed,
challenging the view that sex differences
in bone mass are caused by differences
in bone density are recent observations;
these observations were made by using
quantitative CT and indicate that,
throughout life, female subjects have
smaller vertebral bodies, but similar
TBD, when compared with male sub-
jects, even after accounting for differ-
ences in body size (34).

The factors that account for the in-
crease in TBD observed in this study
remain to be determined. It is reason-
able to suspect, however, that they are
associated with sexual development and
are, in part, mediated by the actions of
sex steroids. Regardless of mechanism,
sex differences in the temporal se-
quence of TBD probably reflect sex dif-
ferences in the appearance of sexual
characteristics and the accelerated
growth spurt. For both sexes, although
growth acceleration begins in early ad-
olescence, typically, peak growth veloc-
ity in boys is reached 2-3 years later,
and boys continue growing for approxi-
mately 2-3 years longer than do girls
(36). Interestingly, the differences be-
tween male and female subjects in the
commencement of TBD increases par-
allel the differences in the tempo of
peak height velocities. Our finding that
quantitative CT measurements of TBD
increase during the growth spurt con-
tradicts the commonly held notion that
an increase in fractures during the
peripubertal growth spurt might corre-
late with a temporary decrease in bone
density as new bone formation tran-
siently outstrips mineral deposi-
tion (37).

For the accurate interpretation of
our results, several technical issues in
regard to the use of quantitative CT to
determine TBD in the vertebral bodies
should be addressed. Cancellous bone
exists as a three-dimensional lattice of
plates and columns (trabeculae). The
trabeculae divide the interior volume of
the bone into intercommunicating
pores, which are filled with a variable
mixture of red and yellow marrow (38).
Because of the relatively small size of
the trabeculae when compared with the
pixel (the quantitative CT unit of mea-
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surement), quantitative CT values for
TBD reflect not only the amount of bone
(the number, the thickness, and the de-
gree of mineralization of the trabeculae)
but also the amount of marrow per pixel
(5). The increases in the tissue density
of cancellous bone observed throughout
adolescence are probably the conse-
quence of an increase in trabecular
thickness and/or mineralization rather
than in the number of trabeculae (39).

There were several limitations in this
study. First, the subjects were not re-
cruited from the community at large, and
the cohort of white subjects may not re-
flect populations with different genetic or
environmental backgrounds; future stud-
ies are needed to establish reference data
for children of other racial groups. In ad-
dition, the only parameters considered in
this study were age, height, weight, sex,
and vertebral TBD. The data did not in-
clude important determinants of bone
gains during growth, such as skeletal ma-
turity or the degree of sexual develop-
ment. To acquire these parameters in
clinical practice is often not feasible or
practical, however, and it is unlikely that
they would be incorporated in the routine
clinical practice of pediatric bone mea-
surements. Last, the data did not include
measures of cancellous bone at other
skeletal sites, which are likely to exhibit
different patterns of bone growth (19). In
adults, the poor correlation between tra-
becular bone in the peripheral and axial
skeleton suggests that trabecular bone, at
least as measured by using quantitative
CT and peripheral quantitative CT,
should not be considered a single homo-
geneous system (21).

In conclusion, awareness that osteo-
porosis has its antecedents in childhood
and the increasing demand for examina-
tions of bone acquisition to diagnose and
manage multiple pediatric diseases stress
the need for reliable standards of bone
measurements for children. For 2 de-
cades, determinations of bone densitom-
etry have relied on DXA. Although DXA
values are commonly used to diagnose
osteoporosis and predict fracture risk in
the elderly, inaccuracies that result from
growth-related variations in body compo-
sition limit their value in pediatric studies.
This report of normative data for quanti-

tative CT measures of vertebral TBD in a
large pediatric population may help im-
prove the diagnosis, prevention, and
treatment of bone disorders in children.

Acknowledgment: The authors express their
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