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Peripheral quantitative computed tomography (pQCT) has
the ability to improve the diagnostic utility of densitometry in
children and adolescents, because bone size and volumetric
bone mineral density (vBMD) can be measured indepen-
dently. Nevertheless, detailed reference data are lacking. We
therefore performed pQCT (XCT-2000 scanner, Stratec,
Inc., Pforzheim, Germany) at the distal radius in 371 healthy
children, adolescents, and young adults (185 males and 186
females, ages 6—23 years) and in 107 of their parents (19 men
and 88 women, ages 29-40 years). Total vBMD, trabecular,
and “cortical + subcortical” vBMD as well as cross-sectional
area (CSA) were determined at the “4% site” of the distal
radius. This location was defined as the site whose distance to
the most distal portion of the growth plate or to the radial
articular surface corresponded to 4% of the forearm length.

In both genders, total vBMD remained stable between 6 and
15 years of age and then increased by 30% in girls and by
46% in boys. Regarding pubertal development, total vBMD
remained almost constant throughout pubertal stages 1-4
and thereafter increased in both genders. Trabecular vBMD
did not change with age in girls, whereas in boys an increase
with age of about 10% was noted after 15 years of age. Males
had higher trabecular vBMD than females. This gender
difference increased from 6% in prepubertal children to
23% in adults. The variation with age and pubertal stage in
“cortical + subcortical” vBMD-cort was similar to that of
total vBMD. CSA roughly doubled between 6 and 15 years of
age in both genders. In conclusion, the availability of this
reference material will provide a basis for the use of pQCT in

disorders and/or their treatments are associated with secondary
bone disease in childréfi. It is also becoming increasingly
appreciated that postmenopausal osteoporosis is likely influ-
enced by events taking place during bone developrhgnif.
Therefore, evaluation of the growing skeleton is the focus of
increasing interest in both pediatric and adult medicine.

Bone densitometry is a widely used tool for the quantitative
assessment of the skeleton. Perhaps the most frequently assessed
densitometric parameter at present is areal bone mineral density
(aBMD; the mineral mass of bone per unit area of the two-
dimensional projection image). This parameter can be measured
by dual-energy X-ray absorptiometry (DXA) and is expressed as
grams per square centimeter. However, the main drawback of
aBMD in pediatric use is that it is a bone-size-dependent mea-
sure. For this reason, aBMD is often difficult to interpret in
children, because short children will have a lower aBMD than
their age-matched peers, even if their smaller bones are otherwise
completely normal.

In contrast, peripheral quantitative computed tomography
(PQCT) allows for unambiguous distinction between the effects
of bone size and changes in bone mass per unit volume (volu-
metric bone mineral density [vBMD], expressed as grams per
cubic centimeter). Therefore, pQCT has the potential to improve
the diagnostic utility of densitometry in the growing skeleton. To
make use of this potential it is essential to establish a detailed
reference database. Thus, we performed pQCT at the distal
radius in a large and well-characterized group of healthy children
and young adults.
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Introduction

cents, and young adults (185 males and 186 females, ages 6-23
years) and 107 of their parents who werd0 years of age (19
men and 88 women, ages 29-40 years). All subjects were white.
The children were participants in the Dortmund Nutritional and
Anthropometric Longitudinally Designed (DONALD) study, an

Metabolic bone diseases are relatively rare in children, but mayngoing observational study investigating the interrelationships

have devastating consequené®dn addition, many chronic
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between nutrition, growth, and metabolism in healthy children.
Informed consent was obtained from the children’s parents or
from the subjects aged~18 years. The study protocol was
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B mean density of the total cross section. Trabecular vBMD
articular (vBMD-trab) was determined as the mean density of the 45%
cartiage reference line central area of the bone’s cross section. The pQCT system also

reference line

yields a parameter called “corticat- subcortical” vBMD
(vBMD-cort). This represents the mean density in the 55%
peripheral bone area.
analyzed slice Reproducibility was determined in a group of nine healthy
adult volunteers (all women, age 34-56 years) by performing the
measurement twice, with repositioning of the forearm. Repro-
Figure 1. Schematic representation of the distal radius. pQCT wasducibility was not tested in children, because it was judged
performed at a site having a distance from the “reference line” thatunethical to perform repeated analyses involving ionizing radi-
corresponded to 4% of forearm length. The reference line was selected agion in children solely for methodological purposes. The preci-
follows: (A) when the growth plate was still open, the reference line wasgjon error was calculated as root-mean-square standard devia-
dray,tnhthlrotugh the mIOSt distal ‘E(I)m?hn of ]Ehe gro"‘l’.th plate;d(B) Whtf]” theions of duplicate measurements, as proposed bieiGéu all®
ro ate was no longer visible, the reterence line was arawn tnrou T
?he midF(;Ie of the ulnar gorder of the articular cartilage. gtheprOdUCIblllty was 1.40% for CSA, 1.49% for vBMD-tot,
0.82% for vBMD-trab, and 1.10% for vBMD-cort. Data for
) o ) ) accuracy are not available for the XCT-2000 scanner. The
ny). On an annual basis, all participants involved in theaccuracy of the previous version of this device (XCT-960) was
DONALD Study undergo a full medical hiStOfy and examination determined using the European forearm phan:tdknerage ac-
starting in infancy. pQCT was performed once in each participanturacy values of 10.0%, 2.6%, 1.9%, and 14.0% were reported

on the occasion of a yearly check-up. The present analysifor CSA, vBMD-tot, vBMD-trab, and vBMD-cort, respectively.
included only subjects currently found to be healthy; not taking

drugs known to affect bone metabolism; and with no history of g4 sictical Analyses
disorders concerning nutrition, metabolism, or bone develop-
ment. From the original population of 379 children and adoles-For comparisons between two groups the Mann—Whitoegst
cents, 8 had to be removed due to the exclusion criteria. In fiveyas used. The significance of differences between more than two
children, analysis of pQCT measurements was not possible dugroups was calculated by the Kruskal-Wallis test. For analysis of
to movement artifacts, one had to be excluded because of lactogge significance of pubertal effects, the adult group was not
intolerance, one for Perthes disease at the age of 5 years, and ojgluded. Associations between two parameters were tested using
for Hirschsprung's disease diagnosed at the age of 16 monthspearson’s correlation coefficient. Stepwise multiple regression
The stage of pubertal development was determined by physanalyses were performed in the forward mode. For all calcula-

ical examination using the grading system defined by Tanner fokions, the SAS 6.12 software package (SAS Institute, Inc., Cary,
pubic hair?> Examination for pubertal stage was refused by 25NC) was used.

boys and by 23 girls. Height was determined to the next suc-
ceeding 1 mm using a Harpenden stadiometer. Weight wa
measured to the nearest 0.1 kg using digital electronic scales wit
the children clothed in underwear. Forearm length was measureghe anthropometric characteristics of the study population are
as the distance between the ulnar StyIOId process and the Oleg'iven inTable 1 Age_dependent results for basic pQCT param-

ranon using a caliper at the nondominant forearm to the nearesiters are shown ifrigures 2, 3, 4, and 5and Table 2. The

length

4% of forearm
length

I 4% of forearm

analyzed slice

esults

millimeter. relationship between pQCT results and pubertal stages is shown
in Tables 3 and 4
Periphera| Quantitative Computed Tomography In both genders, vBMD-tot remained stable between 6 and 15

years of age, and then increased by 30% in girls and by 46% in

pQCT was performed at the ultradistal radius using Stratedoys (Figure 2 and Table 2). Boys tended to have higher
XCT-2000 equipment (Stratec, Inc., Pforzheim, Germany). ThevBMD-tot than girls from 6 to 11 years of age and after the age
scanner was equipped with a low-energy (38 keV) X-ray tube.of 18 years. As suggested by the pattern of age-dependency,
Radiation dose for a single scan was 0.3 mSy, with the effective/BMD-tot remained almost constant throughout pubertal stages
dose for the forearm about 0.1 mSv from a radiation source of 48—4, and thereafter increased in both genders (Tables 3 and 4).
kV at 150 pA. The machine was calibrated once every 3 daysThe gender difference between pubertal stages was significant
(single slice) or once per month (multiple slieecone phantom), only in the prepubertal group.
respectively, with phantoms provided by the manufacturer. Volumetric BMD-trab did not show a significant variation

Measurements were performed at the nondominant forearmwith age in the female group (Figure 3 and Table@2; 0.72 by
The scanner was positioned on the distal forearm and a coron&ruskal-Wallis test). In the male subjects, the variation in
computed radiograph (scout view) was carried out. The scouvBMD-trab between age groups was significapt € 0.01)
view was used to position the scanner at the measurement site Aecause of a slight increase after 15 years of age. MalEs
indicated inFigure 1. A single tomographic slice of 2.0 mm years of age had a 10% greater vBMD-trab than tho$8 years
thickness was taken at a voxel size of 0.4 mm. The speed of thef age (217+ 37 mg/cn? vs. 198+ 34 mg/cn; p = 0.002).
translational scan movement was set at 15 mm/sec. The resultingolumetric BMD-trab tended to be higher in males than in
time for a measurement run was about 2—3 min in the smallefemales in most age groups, but the differences was significantly
children and 4-5 minutes in adults, depending on the crossenly from the age of 14 years to adulthood. Volumetric BMD-
sectional size of the forearm. trab did not change between pubertal stages in girls (Talge=3;

Image processing and the calculation of numerical value$).77) and increased slightly after Tanner stage 3 in boys (Table
were performed using the manufacturer’s software package (ved; p = 0.01). Prepubertal boys had a 6% higher vBMD-trab than
sion 5.40). The cross-sectional area (CSA) of the radius wagirls. The gender difference in vBMD-trab increased to 13% in
determined after detecting the outer bone contour at a thresholddolescents with Tanner stage 5 and was 23% in the adult group
of 280 mg/cmi. Total vBMD (vBMD-tot) was defined as the (Tables 2 and 4).
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Table 1. Anthropometric characteristics of the study population (data expressed as-m8an

Age Females Males

(years) n Height (cm) Weight (kg) BMI (kg/rf) n Height (cm) Weight (kg) BMI (kg/rf)
6-7 28 122.4+ 4.9 23.8+ 3.6 158+ 1.4 28 122.6- 5.8 24.0+ 4.3 159+ 1.8
8-9 27 133.8: 54 29.7+ 55 16.5+ 2.3 24 135.6* 6.6 29.9+ 4.3 16.2+ 1.6
10-11 30 148.9- 8.1 40.5+ 9.8 18.0+ 3.3 32 147.5- 8.2 40.7+ 8.9 18.5+ 2.9
12-13 31 157.6- 8.3 50.8+ 13.9 20.2- 4.2 27 156.9+ 8.9 47.6+ 10.4 19.2+ 3.1
14-15 25 166.7- 7.2 57.0+11.8 20.4+ 3.1 29 172.8£ 7.7 60.3+ 10.6 20.1x2.4
16-17 23 169.4- 7.8 60.1+ 7.9 209+ 24 22 176.9- 8.7 68.6+ 11.3 21825
18-23 22 169.6- 7.3° 60.5+ 11.0° 21.0+2.¢ 23 181.2+ 6.2 78.0+ 15.9 23.6x 3.6
Adults 88 167.9+ 6.1° 68.5+ 12.7 243+ 43 19 182.8- 5.4 83.3+ 7.8 249+ 2.3

BMI, body mass index. Significance levels for difference between females and males of the same age group are &pfallows;p < 0.01;%p <
0.001.

The variation with age and pubertal stage in vBMD-cort was Discussion
similar to that of vBMD-tot (Figure 4 and Tables 2—4). CSA ) ] o
roughly doubled between 6 and 15 years of age in both gender® this study we performed pQCT at the distal radius in a group
(Figure 5 and Table 2). Thereafter, CSA appeared to level off inof 478 subjects aged 640 years. Following literature reports and
females, but showed a small further increase in males. CSA wa@Ur own experience with this method in aduitshone was
Significanﬂy h|gher for males in most age groups. analyzed at the so-called “4% site.” The advantage of this

Table 5 shows the interrelationship between clinical charac-location is that it contains metaphyseal spongfsahich al-
teristics and pQCT results in children and adolescents. Volumetlows for determination of vBMD-trab. However, in children, it is
ric BMD-tot, vBMD-cort, and CSA were highly significantly ~often not possible to use the same definition of the “4% site” as
correlated with all of these clinical parameters. In contrast,in adults (site whose distance to the articular cartilage corre-
VBMD-trab in girls was related only to BMI. In boys but not in sponds to 4% of forearm length), because this site can be located
girls, vBMD-trab was associated with pubertal stage. To evaluat&/€ry close to or even within the mineralized portion of the
which of these parameters were independently associated wit@fowth plate, which results in grossly elevated values for vBMD-
pQCT results, analyses of covariance were performed with modtrab. For this reason we used a different definition of the “4%
els including age, pubertal stage, height, weight, and BMI assite” when the growth plate was still open (site whose distance to
independent variables. These calculations revealed that only aqée most distal part of the growth plate corresponds to 4% of
(p < 0.001 each) and heighp (= 0.02 in girls,p < 0.001 in orearm length). Itis unlikely that this change in definition of the
boys) had an independent effect on vBMD-tot in both gendersmeasurement site had a major impact on our results, because the
The only variable that had a significant predictive power ondifference amounts to only 2-3 mm. Nevertheless, for clarity, it
vBMD-trab was BMI in girls p = 0.002) and pubertal stage in Might be preferable to perform pQCT at a site where the same
boys p = 0.04). Only height was an independent predictor of definition could be used for both children and adults. It might be
CSA in both gendersp(< 0.001).

600 vBMD-tot (mg/cm?3) 600 vBMD-tot (mg/cm?) 800 vBMD-cort (mg/cm?) 800 'vBMD-cort (mg/cm?)
500 . 500 .. R ) ~ . <
3007 o . REEEE 300 | fg; ?O?;é&‘:j}y’}?'} N I 400 ' i ; R iia 400 :'i l !!‘3{‘1}“’!‘“ P .
200 200 o I o
100 100 - 200 200

0 ! - ol : . [0 A , . 0 '

5 10 15 20 5 10 15 20 5 10 15 20 5 10 15 20
Age (years) Age (years) Age (years) Age (years)

Figure 2_. Age-dependency of vBMD-tot in girls (left) and boys (right). Figure 4. Age-dependency of vBMD-cort in girls (left) and boys (right).
ZRGSSS)'TS in adults from 29 to 40 years of age are shown as bars (inean Resuits in adults from 29 to 40 years of age are shown as bars (mean
. 2 SD).
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Figure 3. Age-dependency of vBMD-trab in girls (left) and boys (right). Figure 5. Age-dependency of cross-sectional area in girls (left) and boys
Results in adults from 29 to 40 years of age are shown as bars (tmean (right). Results in adults from 29 to 40 years of age are shown as bars
2 SD). (mean=* 2 SD).
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Table 2. Age-dependency of peripheral quantitative computed tomography (pQCT) results at the distal radius (82an

Females Males

Age vBMD-tot vBMD-trab vBMD-cort CSA vBMD-tot vBMD-trab vBMD-cort CSA

(vears) (g/ent) (glent) (g/ent) (mn) (glent) (glen) (glen) (mn?)

6-7 290+ 36" 191+ 31 370+ 45 164+ 30 306+ 34 206+ 32 388+ 42 174+ 31
8-9 283+ 22 186+ 23 362+ 32 185+ 25° 294+ 34 189+ 34 380+ 41 211+ 31
10-11 281+ 36 191+ 36 355+ 44 237+ 39 290+ 33 194+ 32 368+ 41 245+ 37
12-13 295+ 39 197+ 32 376+ 54 260+ 557 292+ 38 201+ 36 366+ 47 289+ 47
14-15 303+ 37 179+ 25° 407 + 53 297+ 32° 293+ 35 201+ 33 369+ 47 351+ 70
16-17 350+ 57 186+ 26" 483+ 95 300+ 45° 349+ 56 217+ 30 458+ 86 358+ 49
18-23 371+ 50 195+ 357 516+ 74 295+ 42 401+ 60 220+ 42 549+ 83 377+ 64
Adults 395+ 46% 182+ 34° 569 + 69 281+ 37 428 + 56 224+ 46 594+ 81 374+ 45

Refer toSubjects and Methodsr abbreviations. Significance levels for difference between females and males of the same age group are as follows:
3 < 0.05;°p < 0.01;°% < 0.001.

advantageous to use a fixed distance from the distal articulaFor example, a large Argentinean study using DXA found that at
cartilage. between 6 and 20 years of age, aBMD increased by 70% in
We analyzed the four basic pQCT parameters that the systerfemales and 105% in mal€8.Our data suggest that at least half
provides to the user (i.e., vBMD-tot, vBMD-trab, vBMD-cort, of this increase in aBMD is due to increases in bone size, as in
and CSA). Children<6 years of age were not included in the our study vBMD-tot increased only by 34% in girls and by 39%
study, because they are usually unable to keep their arm in @ boys in the same age range. This re-emphasizes the fact that
fixed position for the duration of measurement. In this study thethe term “bone density” should not be used without qualification
most recent version of the manufacturer's pQCT system (Strate¢'areal” or “volumetric”), as otherwise basically different mea-
XCT-2000) was used. Although this equipment uses the sameurements can be confoundegf24
basic technology as previous versions (XCT-900 and XCT-960), One of the advantages of pQCT is that trabecular bone can be
it differs from these in a variety of settings. These differencesanalyzed without interference from cortical structures. The pa-
include a thinner slice thickness of the measured bone (2 mm forameter describing trabecular bone, vBMD-trab, is an integrated
XCT-2000, 2.5 mm for XCT-900 and XCT-960) and a smaller measure of trabecular number, trabecular thickness, and mean
voxel size (400um for XCT-2000, 590um for XCT-900 and  material density of the trabeculae. In addition, vBMD-trab might
XCT-960). In addition, it is important to note that the XCT-900 also be influenced by changes in marrow compositibhyt to
scanner was calibrated to read a density of 0 mg/ithe linear  our knowledge this has not been tested at the distal radius.
attenuation of water, whereas XCT-960 and XCT-2000 read &ossibly, the most surprising result of our analyses was that
density of 0 mg/cr at the linear attenuation of faf For this ~ vBMD-trab did not increase with age in girls and increased only
reason, the density readings of the XCT-960 or XCT-2000very slightly in boys. This is in accordance with the results from
equipment are about 40-50 mgférigher than those of the smaller pQCT studies of the distal foreaftf? but contrasts
XCT-900 device-?1© with results obtained at the lumbar spine and in the ileum.
Previous densitometric studies in children have reported relLumbar spine vBMD-trab increases by 15%—20% during puber-
atively large increases with age in aBMD at the distal raditl. ty.® Cancellous bone volume per tissue volume of ileal bone—

Table 3. Peripheral quantitative computed tomography (pQCT) results at the distal radius as a function of pubertal stage in gitts $@ean

Tanner Age vBMD-tot vBMD-trab vBMD-cort CSA

stages n (years) (g/cn®) (glcnt) (g/cn®) (mn?)

1 65 8.5+ 1.6 284+ 30° 187+ 297 363 3¢ 188+ 38°
2 13 11.1+ 1.0 277+ 34 190+ 37 348+ 37 239+ 577
3 14 11.7+ 1.0 288+ 44 204+ 44 356+ 50 250+ 47
4 9 13.2+ 14 291+ 43 197+ 32 375+ 56 282+ 30
5 62 16.3+ 2.4 347+ 54 190+ 28 476+ 87 295+ 43

Refer toSubjects and Methoder abbreviations. Significance levels for difference between females and males of the same age group are as follows:
@ < 0.05;"p < 0.01;°% < 0.001.

Table 4. Peripheral quantitative computed tomography (pQCT) results at the distal radius as a function of pubertal stage in baysSBjean

Tanner Age vBMD-tot vBMD-trab vBMD-cort CSA

stages n (years) (glcnr) (g/cn®) (g/cnr) (mn?)

1 74 8.8 19 299+ 32 198+ 31 381+ 41 212+ 47
2 14 11513 288=+ 40 186+ 31 372+ 52 269+ 43
3 10 12.5+ 1.0 286+ 33 197+ 36 359+ 37 293+ 44
4 14 14.0= 1.2 296+ 42 210+ 35 367+ 50 334+ 65
5 48 18.0+ 2.8 361+ 72 215+ 40 481+ 109 377+ 59

Refer toSubjects and Methodsr abbreviations.
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Table 5. Pearson’s correlation coefficients in children and adolescents

vBMD-tot vBMD-trab vBMD-cort CSA
Girls Boys Girls Boys Girls Boys Girls Boys

Age 0.5% 0.51° —0.02 0.16 0.63 0.56° 0.7¢ 0.81°
Pubertal stage 0.54 0.4% 0.04 0.2% 0.60° 0.46° 0.7% 0.81°
Height 0.38 0.35 -0.03 0.13 0.494 0.38 0.86° 0.89
Weight 0.47 0.4% 0.12 0.16 0.50° 0.48 0.80° 0.85
Body mass index 0.46 0.40° 0.29 0.15 0.4 0.43 0.58 0.67

Refer toSubjects and Methodsr abbreviations.
3 < 0.05;"p < 0.01;% < 0.0001.
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transient structure during the growth period. Trabeculae are
produced continuously at the interface between the growth plate

and metaphysis and are resorbed at the diaphyseal end of tliReferences

metaphysis. In contrast, mature trabeculae are not removed inl
vertebral bodies and the ileum, as these bones do not have &
diaphysis. Therefore, trabeculae in vertebral bodies and in the
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and might have more time to thicken by remodeling with a
positive balancé’
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