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Context: Assessment of trabecular microarchitecture may enhance
the prediction of fracture risk and improve monitoring of treatment
response. A new high-resolution peripheral quantitative computed
tomography (HR-pQCT) system permits in vivo assessment of tra-
becular architecture and volumetric bone mineral density (BMD) at
the distal radius and tibia with a voxel size of 82 �m3.

Objective and Patients: We determined the short-term reproduc-
ibility of this device by measuring 15 healthy volunteers three times
each. We compared HR-pQCT measurements in 108 healthy pre-
menopausal, 113 postmenopausal osteopenic, and 35 postmenopausal
osteoporotic women. Furthermore, we compared values in postmeno-
pausal osteopenic women with (n � 35) and without previous fracture
history (n � 78).

Design and Setting: We conducted a cross-sectional study in a
private clinical research center.

Intervention and Main Outcome Measure: We took HR-pQCT
measurements of the radius and tibia. Femoral neck and spine BMD

were measured in postmenopausal women by dual-energy x-ray
absorptiometry.

Results: Precision of HR-pQCT measurements was 0.7–1.5% for to-
tal, trabecular, and cortical densities and 2.5–4.4% for trabecular
architecture. Postmenopausal women had lower density, trabecular
number, and cortical thickness than premenopausal women (P �
0.001) at both radius and tibia. Osteoporotic women had lower den-
sity, cortical thickness, and increased trabecular separation than
osteopenic women (P � 0.01) at both sites. Furthermore, although
spine and hip BMD were similar, fractured osteopenic women had
lower trabecular density and more heterogeneous trabecular distri-
bution (P � 0.02) at the radius compared with unfractured osteopenic
women.

Conclusion: HR-pQCT appears promising to assess bone density and
microarchitecture at peripheral sites in terms of reproducibility and
ability to detect age- and disease-related changes. (J Clin Endocri-
nol Metab 90: 6508–6515, 2005)

MEASUREMENT OF AREAL bone mineral density
(BMD) by dual-energy x-ray absorptiometry (DXA)

is presently the accepted method for diagnosis of osteopo-
rosis and prediction of fracture risk. However, recent clinical
observations have highlighted some limitations of areal BMD
measurements. For instance, half of incident fractures occur
in women with BMD values above the World Health Orga-
nization (WHO)-defined diagnostic threshold for osteopo-
rosis (1–3). Furthermore, changes in BMD after osteoporosis
therapy explain only a small proportion of the reduction in
vertebral fracture risk (4, 5). Because osteoporosis is charac-
terized both by low bone mass and microarchitectural de-
terioration, it has been suggested that in vivo assessment of
trabecular bone microarchitecture may improve the predic-

tion of fracture risk and the ability to monitor the response
to therapeutic intervention (6).

In vivo three-dimensional quantification of trabecular
structure by either high-resolution peripheral quantitative
computed tomography (HR-pQCT) or micro-magnetic res-
onance imaging (�MRI) was first introduced over 10 yr ago
(7–9). In these initial imaging systems, the nominal isotropic
resolution was 170 �m for HR-pQCT, and 80–200 �m in
plane with a slice thickness of 400–700 �m for �MRI. Since
then, technical advances have improved the spatial resolu-
tion of �MRI markedly, with recent studies achieving nom-
inal resolutions of 137 � 137 �m in plane with a slice thick-
ness of 350 �m (10). Additional advances have led to the
introduction of a new HR-pQCT system that permits in vivo
assessment of trabecular architecture and volumetric BMD at
the distal radius and tibia with a nominal isotropic voxel size
of 82 �m (11).

The overall aim of our study was to evaluate the clinical
performance of this new HR-pQCT system. Specifically, we
determined the short-term reproducibility of density and
architecture measurements, assessed the correlation among
the parameters, and compared density and architectural pa-
rameters from healthy premenopausal, osteopenic post-
menopausal, and osteoporotic postmenopausal women. We
also compared parameters in osteopenic postmenopausal
women with and without a history of fracture.
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Subjects and Methods
Subjects

To assess short-term reproducibility, 15 healthy women (aged 21–47
yr) underwent three separate HR-pQCT scans of the distal radius and
tibia within a 1-month period (12).

To determine differences in bone density and microarchitecture be-
tween healthy individuals and those with osteoporosis, we evaluated
three groups of women: premenopausal, postmenopausal osteopenic,
and postmenopausal osteoporotic. The premenopausal group com-
prised 108 healthy individuals (aged 19–45 yr) who had no conditions
known to affect bone or mineral metabolism. The postmenopausal
group comprised 148 individuals who had not been menstruating for at
least 1 yr. Patients were excluded if they had known current metabolic
disorders other than osteoporosis. Based on the lower of their BMD
measurements at the lumbar spine or proximal femur, these women
were classified as osteopenic (�1 � T-score � �2.5; n � 113 women,
aged 52–88 yr) or osteoporotic (T-score � �2.5; n � 35 women, aged
61–82 yr). Measurements at the wrist and at distal tibia were excluded
in nine and six women, respectively, because of patient motion. This
resulted in a final sample of 106 osteopenic women with HR-pQCT
measurements at the distal radius, 109 osteopenic women with HR-
pQCT scans at the distal tibia, and 33 osteoporotic women with HR-
pQCT scans at the distal radius and at the distal tibia. All measurements
from the premenopausal group were included in the final analyses.
Measurements were usually performed at the nondominant limb unless
there was a history of fracture on that limb, in which case the nonfrac-
tured limb was measured.

Personal history of fractures was recorded by a questionnaire. Be-
cause of the low number of subjects having had fractures in the pre-
menopausal and postmenopausal osteoporotic groups, differences be-
tween individuals with and without a personal history of fracture after
the age of 45 yr, excluding those of the face, skull, fingers, and toes, were
analyzed in the postmenopausal osteopenic group only. Thus, among
the 106 and 109 osteopenic women with valid HR-pQCT scans at the
distal radius and distal tibia, respectively, 35 reported at least one pre-
vious fracture (44 fractures in total). Fracture types included wrist and
distal forearm (n � 18), forearm (n � 5), humerus (n � 4), metacarpal
(n � 1), femur (n � 1), patella (n � 1), lower leg (n � 5), ankle (n � 4),
metatarsal (n � 3), and ribs (n � 2).

The protocol was approved by an independent Ethics Committee,
and all patients gave written informed consent before participation.

Measurement of BMD and bone microarchitecture

BMD (g/cm2) at the lumbar spine and femoral neck was measured
in postmenopausal women using DXA (Hologic QDR4500; Hologic,
Bedford, MA).

Volumetric BMD and microarchitecture were measured at the distal
radius and distal tibia using a three-dimensional HR-pQCT system
(XtremeCT; Scanco Medical AG, Bassersdorf, Switzerland). This system
uses a two-dimensional detector array in combination with a 0.08-mm
point-focus x-ray tube, enabling the simultaneous acquisition of a stack
of parallel CT slices with a nominal resolution (voxel size) of 82 �m. The
following settings were used: effective energy of 60 kVp, x-ray tube
current of 95 mA, and matrix size of 1536 � 1536.

At each skeletal site, 110 CT slices were obtained, thus delivering a
three-dimensional representation of approximately 9 mm in the axial
direction. The arm or leg of the patient was immobilized during the
examination in an anatomically formed carbon fiber shell. An antero-
posterior scout view was used to define the measurement region. Briefly,
a reference line was manually placed at the endplate of the radius and
tibia, as shown in Fig. 1A. The first CT slice was 9.5 mm and 22.5 mm
proximal to the reference line for the distal radius and distal tibia,
respectively. The effective dose was less than 3 �Sv per measurement
(11) with a measurement time of 2.8 min. Attenuation data were con-
verted to equivalent hydroxyapatite (HA) densities. Quality control,
based on Shewart rules, was monitored by daily scans of a phantom
containing rods of HA (densities of 0, 100, 200, 400, and 800 mg HA/cm3)
embedded in a soft-tissue equivalent resin (QRM, Moehrendorf,
Germany).

Methods used to process the CT data have been previously described
in detail by Laib and colleagues (13). Briefly, the entire volume of interest

was automatically separated into a cortical and trabecular region using
a threshold-based algorithm. The threshold used to discriminate cortical
from trabecular bone was set to one third of the apparent cortical bone
density value (Dcort). Mean cortical thickness (CTh) was defined as the
mean cortical volume divided by the outer bone surface. Trabecular
bone density (Dtrab) in mg HA/cm3 was computed as the average min-
eral density within the trabecular volume of interest. Trabecular bone
volume (BV) fraction [BV/trabecular volume (TV), %] was then derived
from trabecular density assuming fully mineralized bone to have a
mineral density of 1.2 g HA/cm3 [i.e. BV/TV (%) � 100 � (Dtrab (mg
HA/cm3)/1200 mg HA/cm3)]. Because the thickness of individual tra-
beculae cannot be measured accurately because of partial volume effects,
a thickness-independent algorithm was used to assess trabecular struc-
ture (14, 15). First, a mid-axis transformation method was used to iden-
tify trabecular elements and the distance between them assessed three-
dimensionally using the distance transform method (16). Trabecular
number (TbN*, mm�1) was defined as the inverse of the mean spacing
of the mid-axes and is thus truly three-dimensional and does not depend
on a priori assumptions regarding the plate- or rod-like nature of the
underlying structure. Trabecular thickness (TbTh, �m) and separation
(TbSp, �m) were derived from BV/TV and TbN* using standard meth-
ods from histomorphometry (i.e. TbTh � (BV/TV) /TbN* and TbSp �
(1 � BV/TV)/TbN*) (17). Distance transformation techniques also en-
able the calculation of intra-individual distribution of separation (TbSp
SD, �m), quantified by the sd of the separation, a parameter reflecting
the heterogeneity of the trabecular network (18). The values for trabec-
ular architecture parameters are highly correlated with values obtained
with a 20-�m resolution QCT device in vitro, although trabecular thick-
ness is significantly lower with the HR-pQCT than with the 20-�m-
resolution QCT (personal communication from Scanco Medical AG).

For follow-up measurements, an algorithm automatically uses the
cross-sectional area (CSA, mm2) within the periosteal boundary of the
radius or tibia to match the volumes of interest on the baseline and
follow-up scans, and thus only the bone volume common to the previous
scan(s) is used to assess density and microarchitectural measurements
(19). Hence, of the initial 110 slices, on average 103 (range, 91–108) were
analyzed in the follow-up scans.

The outcome variables used in our analyses included volumetric bone
density (g HA/cm3) for entire (Dtot), trabecular (Dtrab), and cortical (Dcort)
regions; cortical thickness (CTh, �m); and trabecular bone volume fraction
(BV/TV, %), thickness (TbTh, �m), number (TbN*, mm�1), separation
(TbSp, �m), and intra-individual distribution of separation (TbSp SD, �m).

Statistical analysis

For each subject in the reproducibility study, a coefficient of variation
(CV) calculated as the sd of the three repeated measurements divided by
the subject mean. Furthermore, the short-term precision errors were then
calculated as root-mean-square (RMS) average of the precision errors for
each of the subjects. The relationships between density and architecture
were studied using Pearson or Spearman correlation, depending on the
distribution of variables. The differences among premenopausal, post-
menopausal osteopenic, and postmenopausal osteoporotic individuals
were assessed by ANOVA or by a Kruskal-Wallis test (two-tailed tests),
followed, when significant, by Student’s t test or Wilcoxon signed rank test
for pair-wise comparisons (one-side tests). Finally, differences between the
postmenopausal osteopenic women with and without fracture history were
assessed by Student’s t test or Wilcoxon signed rank test (one-side tests). For
the correlation between HR-pQCT parameters, the Bonferroni correction
led us to consider statistical significance at P � 0.02. All statistical analyses
were performed on SPSS software (version 12.0).

Results
Precision of HR-pQCT

Reproducibility (RMS-CV) of density (total, trabecular,
and cortical) measurements ranged from 0.7–1.5% (Table 1).
In comparison, the reproducibility of structural parameters
(trabecular number, thickness, separation, and distribution
and cortical thickness) was slightly lower, with RMS-CVs
ranging from 0.9–4.4% (Table 1). Measurement reproduc-
ibility was similar at the distal radius and distal tibia.
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Association between age, density, and microarchitecture

The relationships among age, density, and architecture
parameters are shown in Table 2. We observed a significant
age-related decline in total, trabecular, and cortical bone
density at the distal radius (r � �0.50 to �0.67) and distal
tibia (r � �0.46 to �0.79). Architectural parameters were also
significantly correlated with age (�r� � 0.35–0.65 and �r� �
0.28–0.65, respectively, at the radius and tibia). When the
analysis was restricted to the population-based sample of 108
premenopausal women, aged 19–45 yr, there was no sig-
nificant correlation with age for any parameters (data not
shown). As expected, total density was strongly correlated to
both trabecular and cortical density (r � 0.80–0.83 for both).
In contrast, trabecular and cortical densities were only mod-

estly related to each other. Trabecular density was strongly
correlated to trabecular architectural measurements at both
the distal radius (�r� � 0.78–0.91) and tibia (�r� � 0.71–0.75).
Cortical density was highly correlated with cortical thickness
but weakly correlated with trabecular architecture. Height
and weight were moderately correlated with the cross-
sectional bone area at both sites but were only poorly or not
significantly correlated with the other parameters.

Comparison of premenopausal and postmenopausal
osteopenic and osteoporotic women

Mean values and statistical comparisons among premeno-
pausal, postmenopausal osteopenic, and postmenopausal
osteoporotic women are shown in Table 3, and representa-

FIG. 1. Representative images of the tibia (left) and ra-
dius (right). A, Scout view demonstrating the reference
line position (solid line) and the measurement site (be-
tween dotted lines); B–E, images from a premenopausal
(B), postmenopausal osteopenic (C), postmenopausal os-
teoporotic (D), and postmenopausal severe osteoporotic
(E) subject.
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tive three-dimensional images in Fig. 1, B–E. The results of
ANOVA and Kruskal-Wallis test showed differences be-
tween the three groups for all HR-pQCT parameters except
for mean cross-sectional area (P � 0.001). Postmenopausal
osteopenic and osteoporotic women did not differ in age,
height, or weight. At both the radius and tibia, all parameters,
except for mean cross-sectional area, were significantly dif-
ferent between premenopausal and postmenopausal
women. Specifically, trabecular and cortical density were
19–37% and 11–18%, respectively, lower in postmenopausal
than premenopausal women (P � 0.001 for all). Postmeno-
pausal women also had lower trabecular number (�12 to
�23%; P � 0.001) and thickness (�8 to �19%; P � 0.001),
decreased cortical thickness (�28 to �41%; P � 0.001), and
increased trabecular separation (21–38%; P � 0.001) and in-
tra-individual distribution of separation (53–83%, P � 0.001)
compared with premenopausal women.

Comparing postmenopausal osteopenic and osteoporotic
women, nearly all density and architectural parameters were
significantly different, with the exception of cortical density
(P � 0.088). After the Bonferroni correction, differences were
borderline significant for the following parameters: trabec-
ular number (P � 0.027) and intra-individual distribution of
separation (P � 0.022) at the radius and trabecular thickness
(P � 0.029) at the tibia (Table 3). Compared with those clas-
sified as osteopenic, osteoporotic women had lower bone

density (�5 to �18%), decreased trabecular number (�10%
at the tibia) and thickness (�10% at the radius), increased
trabecular separation (�9 to �12%) and intra-individual dis-
tribution of separation (�19% at the tibia), and decreased
cortical thickness (�15 to �18%) (P � 0.02 for all).

Discrimination of osteopenic women with and without
history of fracture

Osteopenic women with and without a history of fracture
did not differ with regard to age, height, weight, years since
menopause, BMD of the lumbar spine and femoral neck, and
HR-pQCT measurements at the distal tibia (Table 4). In con-
trast, at the distal radius, total density (�10.0%; P � 0.015),
cortical density (�3.4%; P � 0.042), trabecular density
(�12.3%; P � 0.018), and trabecular number (�8.5%; P �
0.037) were significantly lower and trabecular separation
(�12.8%; P � 0.027) and intra-individual distribution of sep-
aration (�25.6%; P � 0.011) were significantly higher in
women with a history of fracture compared with those with
no previous fracture (Fig. 2). After the Bonferroni correction,
differences were borderline or no more significant for the
following parameters: cortical density, trabecular number,
and trabecular separation.

Discussion

In this study we evaluated the clinical performance of a
new HR-pQCT system by determining short-term reproduc-
ibility, correlation among the parameters, and differences
among premenopausal, postmenopausal osteopenic, and
postmenopausal osteoporotic women. We also compared the
measurements in osteopenic postmenopausal women with
and without a history of fracture.

We found that the short-term reproducibility of HR-pQCT
parameters was quite similar at the distal radius and distal
tibia, with CVs less than 1.5% for bone density and from
2.5–4.4% for trabecular architecture. It should be noted that
our precision data were generated in healthy individuals,
and the values may be higher among osteoporotic subjects.
Nonetheless, the reproducibility for density measurements
by HR-pQCT is similar to that reported for distal and ultra-

TABLE 1. Reproducibility of density and structural
measurements at the distal radius and distal tibia

Distal radius Distal tibia

Mean � SD CV (%) Mean � SD CV (%)

Dtot (mg HA/cm3) 338 � 57 0.9 320 � 39 1.3
Dcort (mg HA/cm3) 902 � 47 0.7 919 � 33 0.9
Dtrab (mg HA/cm3) 160 � 24 1.0 179 � 28 1.5
BV/TV (%) 13.4 � 2.0 1.0 14.9 � 2.4 1.5
TbN* (mm�1) 1.7 � 0.2 3.0 1.7 � 0.2 3.8
TbTh (�m) 76 � 8 3.2 89 � 11 4.4
TbSp (�m) 500 � 58 2.8 510 � 68 4.3
TbSp SD (�m) 193 � 24 2.5 218 � 41 3.3
CTh (�m) 824 � 148 1.2 1182 � 130 0.9

CV were calculated from three repeated measurements with re-
positioning on 15 individuals aged 21–47 yr.

TABLE 2. Correlation matrix for age, height, weight, density, and microarchitectural features at the distal radius (top half of table) and
distal tibia (bottom half of table)

Age Height Weight Dtot Dtrab Dcort BV/TV TbTh TbN* TbSp TbSp SD CTh CSA

Age �0.45 0.18c �0.61 �0.50 �0.67 �0.50 �0.35 �0.50 0.51 0.58 �0.65 0.11c

Height �0.45 0.30 NS 0.13c 0.19 0.13c NS 0.16c �0.15c �0.16c 0.18c 0.47
Weight 0.18c 0.30 �0.13c NS NS NS �0.11c NS NS NS NS 0.34
Dtot �0.64 NS �0.17c 0.80 0.83 0.80 0.73 0.61 �0.65 �0.67 0.92 �0.56
Dtrab �0.46 0.21 NS 0.82 0.47 �0.99a 0.78b 0.86 �0.91b �0.87 0.55 �0.28
Dcort �0.79 0.28 �0.20 0.80 0.43 0.47 0.49 0.34 �0.41 �0.47 0.95 �0.44
BV/TV �0.46 0.21 NS 0.82 �0.99a 0.43 0.78b 0.86 �0.91b �0.87 0.55 �0.28
TbTh �0.28 NS �0.19c 0.65 0.71b 0.33 0.71b 0.42b �0.50 �0.48 0.55 �0.34
TbN* �0.36 0.32 0.12c 0.45 0.72 0.28 0.72 NSb �0.99b �0.95 0.39 NS
TbSp 0.38 �0.30 NS �0.53 �0.75b �0.31 �0.75b �0.14c �0.99b 0.95 �0.43 0.12c

TbSp SD 0.46 �0.33 NS �0.56 �0.71 �0.41 �0.71 �0.14c �0.93 0.93 �0.48 0.16c

CTh �0.65 0.13c �0.14c 0.90 0.54 0.87 0.54 0.46 0.24 �0.30 �0.36 �0.43
CSA 0.14c 0.53 0.48 �0.53 �0.26 �0.34 �0.26 �0.45 NS NS NS �0.45

NS, Not significant.
a BV/TV is derived from Dtrab.
b TbTh and TbSp are derived from TbN* and BV/TV (thus from Dtrab).
c P � 0.05; all other correlations are significant at P � 0.001.
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distal radius BMD by DXA (20, 21). The reproducibility of
trabecular architecture measurements is also similar to or
better than previous studies using a lower-resolution in vivo
HR-pQCT system (19, 22) or high-resolution MRI (23, 24).
Reproducibility of trabecular structure measurement by MRI
has been reported to be 2–9%, depending on the specific
parameter and analysis algorithm (23, 25, 26). Patient move-
ment and difficulty in matching the analysis volume in re-
peat studies have been cited as primary error sources for
follow-up measurements (23). Patient movement was also a
concern in our study, because nine women (3.5%) at the distal
radius and six women (2.3%) at the distal tibia were elimi-
nated because of obvious movement artifacts that rendered
the scan unsuitable for analysis. Given that several studies
have shown that MRI is capable of detecting changes in
trabecular structure caused by disease or treatment (24, 26–
30), our findings of comparable or better reproducibility in
HR-pQCT measurements are encouraging in this regard.

We observed significant age-related changes in density,
trabecular structure, and cortical thickness, as evidenced
both by correlations with age (Table 2) and by comparing
pre- with postmenopausal women (Table 3). At both the
distal radius and distal tibia, the correlations between den-
sity and age were similar to those recently reported in a large
population-based study with a broader age range than our
subjects (31). We confirm a number of previous in vitro and

in vivo studies that have reported the decline in trabecular
bone density (i.e. BV/TV) to be accompanied by declines in
trabecular number and thickness (32–34). In our study, the
decline in trabecular number was slightly more pronounced
than the decline in thickness. Possible explanations for this
observation include the possibility that thinner trabeculae
are resorbed first, thereby increasing the mean thickness of
those remaining and/or by the possibility that the trabeculae
that remain adapt to the increased mechanical demand by
increasing their size. Similar findings have been noted at the
calcaneus, where the rate of age-related declines in trabecular
number was reported to be approximately twice that of
the decline in trabecular thickness (27). We also observed the
expected age-related declines in cortical thickness. Thus, the
HR-pQCT measurements appear useful for gaining insight
into structural mechanisms underlying various causes of and
treatments for skeletal fragility, because they are capable of
assessing architecture and density changes in both the cor-
tical and trabecular bone compartments. For example, this
may be particularly useful in delineating the subtle com-
partment-specific effects of mild hyperparathyroidism or in-
termittent PTH administration (35). Moreover, by assessing
individual bone compartments with excellent precision, HR-
pQCT may improve the ability to monitor the response to
antiresorptive therapy, a critical clinical issue (4).

An interesting finding of our study was the ability of

TABLE 3. Mean values for young normal, osteopenic, and osteoporotic women (mean � SD)

Premenopausal
(n � 108)

Osteopenic
(n � 113)

Premenopausal
vs. osteopenic

(%)

Osteoporotic
(n � 35)

Premenopausal
vs. osteoporotic

(%)

Osteoporotic
vs. osteopenic

(%)

Age (yr) 34 � 7 69 � 7 69 � 5 NS
Height (m) 165 � 6 158 � 6 �4.2a 158 � 8 �4.2a NS
Weight (kg) 60 � 10 64 � 10 6.7a 62 � 10 NS NS
Years since menopause 18.5 � 7.7 17.6 � 6.6 NS
Lumbar spine BMD (g/cm2) 0.89 � 0.07 0.75 � 0.04 �16.2b

Spine T-score �1.4 � 0.6 �2.7 � 0.4
Femoral neck BMD (g/cm2) 0.66 � 0.06 0.62 � 0.073 �7.1b

Femoral neck T-score �1.6 � 0.5 �2.0 � 0.6
Distal radius

Dtot (mg HA/cm3) 330 � 57 254 � 62 �23.1a 216 � 40 �34.5a �14.9b

Dcort (mg HA/cm3) 904 � 44 804 � 81 �11.1a 777 � 72 �14.1a NS
Dtrab (mg HA/cm3) 160 � 33 123 � 36 �23.1a 101 � 27 �36.7a �17.7b

BV/TV (%) 13.4 � 2.8 10.3 � 3.0 �23.1a 8.5 � 2.2 �36.7a �17.7c

TbN* (mm�1) 1.71 � 0.22 1.44 � 0.29 �15.5a 1.32 � 0.21 �22.7a �8.5d,e

TbTh (�m) 78 � 11 71 � 11 �9.3a 63 � 11 �18.5a �10.2b

TbSp (�m) 517 � 88 656 � 187 26.8a 714 � 140 38.0a 8.8c

TbSp SD (�m) 212 � 58 342 � 201 61.5a 340 � 89 60.3a 0.7d,e

CTh (�m) 804 � 149 571 � 173 �29.0a 487 � 138 �39.4a �14.7d

CSA (mm2) 259 � 44 264 � 50 NS 270 � 37 NS NS
Distal tibia

Dtot (mg HA/cm3) 318 � 50 240 � 46 �24.5a 202 � 43 �36.3a �15.7b

Dcort (mg HA/cm3) 928 � 32 806 � 56 �13.1a 765 � 71 �17.5a �5.1c

Dtrab (mg HA/cm3) 169 � 34 137 � 31 �19.3a 116 � 30 �31.3a �14.8b

BV/TV (%) 14.1 � 2.8 11.4 � 2.6 �19.4a 9.7 � 2.5 �31.2a �14.7b

TbN* (mm�1) 1.60 � 0.24 1.42 � 0.27 �11.6a 1.27 � 0.25 �20.4a �10.0c

TbTh (�m) 89 � 15 82 � 18 �8.1a 77 � 14 �13.5a �6.1d,e

TbSp (�m) 551 � 97 668 � 278 21.3a 750 � 227 36.2a 12.3c

TbSp SD (�m) 240 � 52 367 � 359 53.2a 438 � 293 82.7a 19.2b

CTh (�m) 1232 � 191 882 � 220 �28.4a 722 � 240 �41.4a �18.1b

CSA (mm2) 643 � 104 654 � 111 NS 692 � 107 NS NS

NS, Not significant.
a Significantly different from premenopausal, P � 0.001, except for weight P � 0.004.
b–d Significantly different from osteopenic: b P � 0.001; c P � 0.01; d P � 0.05.
e Not significant after the Bonferroni correction.

6512 J Clin Endocrinol Metab, December 2005, 90(12):6508–6515 Boutroy et al. • Bone Architecture Measured in Vivo by HR-pQCT

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/article/90/12/6508/2837166 by guest on 21 August 2022



HR-pQCT measurements of trabecular bone density and
intra-individual distribution of separation at the distal radius
to discriminate between osteopenic women with and with-
out a history of fracture, whereas spine and hip BMD mea-
surements did not (Table 4). Admittedly, these findings must
be interpreted with caution because our study had a rela-
tively small sample size with various types of fractures, and
thus, our results need to be confirmed in a larger prospective
study. Whereas several previous studies have shown that in
vivo measurements of trabecular structure can be used to
identify osteoporotic women with and without fractures and
that trabecular structure may improve predictions of fracture
risk based on BMD alone, generally the fracture cases in these
studies also have lower BMD than controls (34, 36–38). An
exception to this is the study by Link et al. (39) who dem-
onstrated that MRI-based measurements of trabecular struc-

ture differed among cardiac transplant patients with and
without vertebral fractures, whereas BMD did not. More-
over, Laib et al. (18) have reported that the distribution of
trabecular separation (TbSp SD) was the MRI index that was
most sensitive for discrimination of individuals with and
without spine fractures. Placed in the context of current
clinical dilemmas, our preliminary results are intriguing,
because over half of osteoporotic fractures occur in women
with osteopenia by WHO criteria, and identification of fac-
tors that predispose these osteopenic women to fracture is
needed (1, 3).

Regarding the personal history of fracture, there were
2-fold more fractures at the arm than at the leg, which may
explain why only measurements at the distal radius were
able to discriminate among fractured vs. unfractured sub-
jects. Moreover, as the radius is not weight bearing, one may

FIG. 2. Percent difference between BMD and HR-pQCT
parameters and P value between osteopenic women with
previous history of fracture compared with those who
were fracture free. **, Not significant after the Bonfer-
roni correction.

TABLE 4. Comparison of mean values between postmenopausal osteopenic women with and without history of fracture (mean � SD)

Distal radius Distal tibia

Women without fracture
(n � 78)

Women with fracture
(n � 35)

P value Women without fracture
(n � 78)

Women with fracture
(n � 35)

P value

Age (yr) 68 � 7 70 � 5 NS 68 � 7 70 � 5 NS
Height (m) 158 � 6 158 � 5 NS 158 � 6 158 � 5 NS
Weight (kg) 64 � 10 65 � 10 NS 64 � 10 65 � 10 NS
Years since menopause 18 � 8 19 � 7 NS 18 � 8 19 � 7 NS
Lumbar spine BMD (g/cm2) 0.89 � 0.07 0.89 � 0.07 NS 0.89 � 0.07 0.89 � 0.07 NS
Spine T-score �1.5 � 0.7 �1.4 � 0.6 NS �1.5 � 0.7 �1.4 � 0.6 NS
Femoral neck BMD (g/cm2) 0.66 � 0.05 0.66 � 0.07 NS 0.66 � 0.05 0.66 � 0.07 NS
Femoral neck T-score �1.6 � 0.4 �1.6 � 0.6 NS �1.6 � 0.4 �1.6 � 0.6 NS
Dtot (mg HA/cm3) 262 � 61 236 � 61 0.015 243 � 45 232 � 47 NS
Dcort (mg HA/cm3) 813 � 80 785 � 81 0.042a 811 � 57 794 � 53 NS
Dtrab (mg HA/cm3) 128 � 34 113 � 36 0.018 138 � 30 134 � 32 NS
BV/TV (%) 10.7 � 2.9 9.4 � 3.0 0.017 11.5 � 2.5 11.2 � 2.7 NS
TbN* (mm�1) 1.48 � 0.28 1.36 � 0.31 0.037a 1.42 � 0.25 1.39 � 0.30 NS
TbTh (�m) 72 � 10 68 � 14 NS 82 � 19 81 � 13 NS
TbSp (�m) 630 � 170 711 � 210 0.027a 666 � 308 673 � 193 NS
TbSp SD (�m) 316 � 178 397 � 237 0.011 369 � 396 363 � 258 NS
CTh (�m) 590 � 169 530 � 175 NS 898 � 223 844 � 212 NS
CSA (mm2) 264 � 49 265 � 51 NS 649 � 108 668 � 118 NS

NS, Not significant.
a Not significant after the Bonferroni correction.
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speculate that there are fewer mechanical stimuli to maintain
structural integrity in the face of estrogen deficiency, and
perhaps trabecular architectural changes are more rapid
and/or more dramatic at the radius than the distal tibia.
Additional studies are needed to better understand the util-
ity of each of these skeletal sites with regard to fracture risk
prediction.

It should be noted that our study design had several limi-
tations. First, the study was cross-sectional, and therefore the
ability of the HR-pQCT measurements to predict fracture risk
prospectively and to monitor age-, disease-, and treatment-
related changes in bone density or architecture requires addi-
tional validation. Second, as mentioned previously, the sample
size was relatively small; the premenopausal group comprised
108 individuals, thereby precluding establishment of normal
reference values. Moreover, we did not have the ideal popu-
lation-based sample with equal representation across the lifes-
pan to accurately assess age-related patterns.

There are several technical limitations that should be
considered as well. We noted, as have others, moderate to
strong correlations between trabecular density and tra-
becular architecture. These observations must be viewed
carefully because in the current study, trabecular density
and trabecular number are independently measured,
whereas BV/TV, trabecular thickness, and trabecular sep-
aration are derived. Additional studies are required to
discern the combination of density and architectural fea-
tures that will be most useful clinically. Moreover, we
found that cortical thickness and cortical density were
very strongly correlated (Table 2). This high correlation
suggests that partial volume effects limit the reliability of
cortical density measurements. In support of this view, we
note that cortical thickness and density were more
strongly correlated at the distal radius (r2 � 0.90), where
average cortical thickness ranged from 190-1170 �m, than
they were at the distal tibia (r2 � 0.76), where average
cortical thickness is higher (280 –1790 �m). Removal of
cortical surface voxels before computation of cortical den-
sity may improve the reliability of the cortical density
measurements, which at present should be viewed with
caution. Even if the reliability is improved, cortical density
measurements will still reflect the combined influence of
porosity and the degree of matrix mineralization, because
a resolution on the order of 10 �m is required to directly
assess cortical porosity in humans (40).

Despite these limitations, the current study has provided
new information regarding the potential clinical utility of
HR-pQCT measurements with 82-�m isotropic voxel size.
Additional studies are required to confirm and extend these
preliminary results. Altogether, however, our findings indi-
cate that HR-pQCT appears promising as a technique to
assess bone density and trabecular microarchitecture at pe-
ripheral skeletal sites, both in terms of reproducibility and
ability to detect age- and disease-related changes.
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