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ABSTRACT

High-resolution peripheral quantitative computed tomography (HR-pQCT) is a new in vivo imaging technique for assessing 3D
microstructure of cortical and trabecular bone at the distal radius and tibia. No studies have investigated the extent to which
measurements of the peripheral skeleton by HR-pQCT reflect those of the spine and hip, where the most serious fractures occur. To
address this research question, we performed dual-energy X-ray absorptiometry (DXA), central QCT (cQCT), HR-pQCT, and image-based
finite-element analyses on 69 premenopausal women to evaluate relationships among cortical and trabecular bone density, geometry,
microstructure, and stiffness of the lumbar spine, proximal femur, distal radius, and distal tibia. Significant correlations were found
between the stiffness of the two peripheral sites (r=0.86), two central sites (r = 0.49), and, between the peripheral and central skeletal
sites (r=0.56-0.70). These associations were explained in part by significant correlations in areal bone mineral density (aBMD),
volumetric bone mineral density (vBMD), and cross-sectional area (CSA) between the multiple skeletal sites. For the prediction of
proximal femoral stiffness, vBMD (r=0.75) and stiffness (r=0.69) of the distal tibia by HR-pQCT were comparable with direct
measurements of the proximal femur: aBMD of the hip by DXA (r=10.70) and vBMD of the hip by cQCT (r=0.64). For the prediction
of vertebral stiffness, trabecular vBMD (r=0.58) and stiffness (r=0.70) of distal radius by HR-pQCT were comparable with direct
measurements of lumbar spine: aBMD by DXA (r=0.78) and vBMD by cQCT (r=0.67). Our results suggest that bone density and
microstructural and mechanical properties measured by HR-pQCT of the distal radius and tibia reflect the mechanical competence of the
central skeleton. © 2010 American Society for Bone and Mineral Research.
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Introduction

he most common sites of osteoporotic fracture are the

proximal femur, vertebra, and distal radius. Measurement of
areal bone mineral density (aBMD) of these sites by dual-energy
X-ray absorptiometry (DXA) is currently the accepted method
for the clinical diagnosis of osteoporosis and assessment of
fracture risk.” However, DXA measures integral bone mass of
the cortical and trabecular bone compartments divided by

the 2D projected area. Therefore, the aBMD measurement
provided by DXA is highly influenced by bone size. Moreover,
DXA does not distinguish between cortical and trabecular
compartments, which may contribute differentially to bone
strength and resistance to fracture. Thus there has been
great interest in developing new imaging methods capable
of measuring bone microstructure that then could be used
to derive volumetric bone mineral density (vBMD) and
microstructural and mechanical measurements and improve
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our understanding of the microarchitectural mechanisms that
contribute to bone fragility.®>

One such clinical imaging modality is high-resolution
peripheral quantitative computed tomography (HR-pQCT). HR-
pQCT has an isotropic voxel size of 82 um, which allows for
separate measurements of the trabecular and cortical bone
compartments at the distal radius and tibia and is high enough
to assess the microarchitecture of trabecular bone.*>’ HR-pQCT
images can also be used for building microstructural finite-
element (WFE) models to estimate stiffness, a measurement
of the mechanical competence of whole-bone segments. Several
studies have demonstrated the clinical utility of this novel
technique in distinguishing between subjects with and without
fractures and have shown that HR-pQCT image-based analyses
can provide measurements of microstructural and mechanical
properties that associate independently with prevalent
fractures. "3

It would be desirable to generate high-resolution 3D images
of the trabecular and cortical bone microarchitecture of the
central skeleton, where many of the most clinically serious
fractures occur. However, the achievable signal-to-noise ratio of
magnetic resonance imaging (MRI) limits its ability to acquire
highly resolved images of the lumbar spine and proximal
femur. Currently, central QCT (cQCT) scanners available for
clinical use cannot evaluate microarchitectural features of
vertebral bone and have difficulty distinguishing between
cortical and trabecular regions.""*' Even though multidetector
high-resolution computed tomography (HR-CT) has recently
been developed for imaging, high radiation exposure limits its
general applicability."29 It would be ideal if measurements of
microarchitecture and mechanical competence at peripheral
sites, which involve much less ionizing radiation, could be used
as indicators of central bone quality. However, the microstruc-
ture of one skeletal site may not correlate well with the
microstructure of another site.2" To our knowledge, there are no
published data investigating the correlations of bone density,
structure, and mechanical measurements between central and
peripheral skeletal sites at the whole-bone level in vivo.

The primary objective of this study was to investigate whether
and to what extent measurements obtained at peripheral sites
(distal tibia and radius) reflect the bone density, microstructure,
and mechanical competence at clinically relevant sites (ie,
lumbar spine and proximal femur). Many in vitro and in vivo
studies have demonstrated that structural characteristics of
trabecular bone at peripheral skeletal sites, such as the
calcaneus, radius, and tibia, can differentiate between subjects
with and without osteoporotic fractures at the proximal femur
or spine.""?22”) We therefore hypothesized that bone density,
microstructural measurements, and wFE predictions of stiffness
of the distal radius and tibia are significantly associated with
those of the lumbar vertebrae and proximal femur.

Materials and Methods

Patient population

We included 69 female subjects (20 to 48 years of age) from a
cross-sectional case-control study of idiopathic osteoporosis

(I0P) in premenopausal women®® at Columbia University

(New York, NY, USA) and Creighton University (Omaha, NE, USA).
All subjects had a detailed history, physical and biochemical
evaluation to exclude secondary causes of osteoporosis,
including disorders causing premenopausal estrogen deficiency,
endocrinopathies (eg, hyperthyroidism, Cushing’'s syndrome,
prolactinoma), eating disorders, celiac or other gastrointestinal
diseases, abnormal mineral metabolism (eg, osteomalacia,
hyperparathyroidism), hypercalciuria (>300mg/g of Cr), and
drug exposures (eg, glucocorticoids, anticonvulsants, antic-
oagulants, methotrexate). Subjects were excluded if they had
given birth or had lactated within the past 12 months. Subjects
with IOP were defined on the basis of a documented history of
low-trauma fractures after age 18 and/or very low BMD
measurement (T-score < -2.5 or Z-score < -2.0) at the lumbar
spine, total hip, or femoral neck. Low-trauma fractures were
defined as equivalent to a fall from a standing height or less,
excluding skull or digit fractures. Fractures were ascertained by
the review of radiographs or radiograph reports. The fractured
sites were excluded from DXA, cQCT, or HR-pQCT scans. To
qualify as normal controls, women were required to have a
normal aBMD by DXA (T-score > -1.0) and no history of adult
low-trauma fractures.

All subjects provided written informed consent, and the
Institutional Review Boards of both Columbia University and
Creighton University approved these studies.

Areal bone mineral density (aBMD)

aBMD of the lumbar spine (LS), total hip (TH), and one-third
radius (DR) was measured by DXA (QDR-4500, Hologic, Inc.,
Walton, MA, USA) at Columbia and Creighton University Medical
Centers for all participants. T- and Z-scores compared subjects
and controls with normal young and age-matched populations
of the same race and sex, as provided by the manufacturer.
Scanners at both sites were cross-calibrated with a reference
phantom to read BMD within 1% at baseline and at 6-month
intervals throughout the study.

HR-pQCT images of the distal radius and distal tibia

HR-pQCT (XtremeCT, Scanco Medical AG, Bassersdorf, Switzer-
land) was performed at Columbia University for 55 participants.
The nondominant forearm and distal tibia were immobilized in a
carbon fiber shell and scanned as described previously.*5'" The
measurement included 110 slices corresponding to a 9.02-mm
section along the axial direction with a nominal voxel size of
82 um (Fig. 1). The European Forearm Phantom was scanned
whenever subjects were scanned for quality control.

The standard patient evaluation protocol has been described,
validated, and applied in several recent clinical studies.282%
Briefly, trabecular bone density (Dya) in mg HA/cm® was
calculated as the average mineral density within the trabecular
region. The relative bone volume fraction (BV/TVY) was
calculated from Dy, assuming a density of fully mineralized
bone of 1200 mg/cm? [BV/TVY = Dy.ap (Mg HA/cm?)/1200 mg HA/
cm’.4® To assess trabecular microstructure, 3D ridges (the
centerpoints of trabeculae) were identified, and the spacing
between them was assessed three-dimensionally by the
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Fig. 1. 3D HR-pQCT images of (A) the distal tibia and (B) the distal radius. (C) Boundary conditions for the FE analyses of both the distal tibia and radius.

distance-transformation method.®*°=?  Trabecular number
(Th.N") was defined as the inverse of the mean spacing of the
3D ridges. Trabecular thickness (Th.Th) and spacing (Tb.Sp) were
then derived from BV/TVY and Th.N* [Tb.Th® = BV/TV¥/Tb.N* and
Th.Sp? = (1 - BV/TV¥)/Tb.N*] by analogy to standard histomor-
phometry.®® For the cortical region, mean cortical thickness
(Ct.Th) was assessed as the cortical volume divided by the outer
bone surface, according to the manufacturer’s standard patient
evaluation protocol. Mean cross-sectional area (CSA) including
both cortical and trabecular bone regions was also derived.

Finite element analyses for HR-pQCT images of the distal
radius and tibia

Each thresholded HR-pQCT image of the distal radius or tibia was
converted to a patient-specific wFE model.*® Briefly, bone
tissue was modeled as an isotropic, linear elastic material with a
Young’s modulus (£;) of 15GPa and a Poisson’s ratio of 0.3.%% A
uniaxial displacement equaling 1% of the bone segment height
was applied perpendicularly to the distal surface of the radius
or tibia for determining axial stiffness (Fig. 1). All wFE analyses
were performed by using a customized element-by-element
preconditioned conjugate gradient solver® and implemented
on a Dell XPS PC workstation (Dell, Inc., Round Rock, TX, USA).

cQCT images of the lumbar spine and
proximal femur

Volumetric cQCT acquisitions of the L;-L, vertebrae and the hips
(80 kVp, 140 to 300 mAs, 0.937- x 0.937-mm pixel size, 2.5-mm
slice thickness, pitch=1, standard reconstruction algorithm)
were carried out at Columbia University/New York Presbyterian
Hospital (GE CTi and GE Light Speed VCT 64, General Electric
Medical Systems, Milwaukee, WI, USA) and Creighton University
(Siemens Somatom Plus 4, Siemens Medical Systems, Iselin, NJ,
USA and GE LightSpeed DXi, General Electric Medical Systems,
Milwaukee, WI, USA) according to a previously described
protocol.">3%3”) |n order to ensure the comparability of the
data obtained on the different CT scanners, CT data were cross-
calibrated using the Image Analysis Torso Phantom. For
simultaneous calibration of BMD during each scan, a calibration
phantom (Image Analysis, Columbia, KY, USA) was placed under
the subjects’ spine and hips and scanned simultaneously. Then
the scan data were archived to CD and forwarded to a central
analysis site (University of California San Francisco, Department
of Radiology) for scan quality assurance and analysis.

Lumbar spine cQCT scans were performed for 55 participants;
49 also had proximal femur scans. Spine and hip CT images were
analyzed with the image analysis software described by Lang

and colleagues.**%3”) Hounsfield unit values of CT images were
converted to an equivalent concentration of calcium hydro-
xyapatite according to the phantom calibration. Measures of L,-
L, included vBMD of an integral compartment (iBMD) containing
the entire vertebra except for transverse elements, vBMD of a
region containing almost all the trabecular bone (tBMD) in the
vertebral centrum, and mean cross-sectional area (CSA) of L, and
L,. Similarly, the left hip was evaluated to obtain iBMD, tBMD, and
cortical BMD (coBMD) of the total femur (TF) regions and the
minimum cross-sectional area (min CSA) of the femoral neck.

Finite element analyses for cQCT images of the L,
vertebra and proximal femur

All the CT data sets of L, and the proximal femur were returned
to Columbia University for FE analyses. L; (with posterior
elements removed) and the left proximal femur of each scan
were segmented, and the Hounsfield unit values were converted
to equivalent mineral density values (g/cm® of calcium
hydroxyapatite using a linear regression of the calibration
phantom images (Image Analysis). A continuum FE model was
built for each vertebra and femur by converting each bone voxel
t0a0.937 x 0.937 x 2.5 mm? eight-node brick element (Fig. 2), as
previously described.84?

Vertebral bone tissue was assumed to be a transversely
isotropic linear elastic material.*®*® Material properties were
assigned in an element-specific fashion by mapping the cQCT
mineral density value of each element to an axial elastic modulus
based on a previously established density-modulus relationship
for vertebral bone®®4? (Fig. 24). A thin layer of Poly(methyl
methacrylate) (PMMA) (gray layer in Fig. 2A; 2.5 to 5 mm thick,
Young’s modulus E=2.5GPa, and Poisson’s ratio v=0.3) was
added on top of the endplates of the vertebra to facilitate
applications of uniform displacement boundary conditions.®84%
A uniaxial compression displacement boundary condition was
applied to each model, as shown in Fig. 2B. Then the FE model of
L; was input into Abaqus 6.7 (SIMULIA, Providence, RI, USA) to
determine axial stiffness, as described by Crawford and
colleagues.®®

Femoral bone tissue was assumed to be an isotropic linear
elastic material.®® Material properties were assigned in an
element-specific fashion by mapping the cQCT mineral density
value of each element to an elastic modulus based on a
previously established density-modulus relationship for femoral
bone®®? (Fig. 2C). A boundary condition-simulating single-leg
stance was applied to each femur model,®*? as shown in Fig. 2D.
The FE models of the proximal femur were input into Abaqus 6.7
(SIMULIA) to determine stiffness, as described by Keyak and
colleagues.®?
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Fig. 2. cQCT-based FE models of human vertebral body L1 and proximal femur. (A, B) Distributions of elastic moduli of elements indicated by different
colors. Gray elements indicate PMMA layers. A portion of the vertebral body and half the proximal femur were removed for illustration purposes.

(C, D) Boundary conditions of FE analyses.

Statistical analysis

Statistical analyses were performed using NCSS software (NCSS
2007, NCSS Statistical Software, Kaysville, UT, USA). All data are
expressed as mean =+ SD. Correlation analyses were conducted
to compare aBMD, vBMD, CSA, and stiffness between the lumbar
spine, proximal femur, distal radius, and distal tibia and then to
investigate the contributions of aBMD, vBMD, CSA, and micro-
structure to stiffness at the four skeletal sites. Pearson correlation
coefficients are provided if both parameters were normally
distributed, and Spearman correlation coefficients are provided if
results of one or both parameters were not normally distributed
based on a Shapiro-Wilk test. Differences in age or study group
had no significant effect on the observed relationships; there-
fore, unadjusted results are presented. The Fisher z transforma-
tion test“" with p < .05 as the standard of statistical significance
was used to determine if the correlation coefficients were
significantly different.

Results

Subjects included 35 premenopausal women with normal aBMD
values and no fractures, 22 with a history of low-trauma fractures,
and 12 with low aBMD values but no fractures. The average
age of the subjects was 37.5 +8.0 years, with a range of 20
to 48 years. All 69 participants had aBMD measured by DXA.
HR-pQCT scans were performed for 55 subjects at the distal
radius and 54 subjects at the distal tibia. cQCT scans were

performed for 55 subjects at the lumbar spine and 49 subjects at
the proximal femur. The number of subjects who underwent
HR-pQCT or cQCT scans of two sites from the distal radius, distal
tibia, lumbar spine, and the total hip are listed in Table 1. The
mean values for all DXA, HR-pQCT, and cQCT measurements and
whole-bone stiffness assessed by ¢cQCT and HR-pQCT image-
based FE analyses are presented in Table 2.

Positive and significant correlations were found between
the stiffness of the distal radius, distal tibia, lumbar spine, and
proximal femur, all p <.001 (Fig. 3). The correlation between
the two peripheral sites, distal radius and tibia (r=0.86), was
significantly stronger than the correlations between the other
sites. Correlations between the peripheral and central sites were
also significant but not as strong (r=0.56-0.70). Interestingly,
the correlation between the two central sites, L; and proximal
femur (r=0.49), was the weakest, although not statistically
different from those between the peripheral and central sites.

Table 1. Number of Subjects Who Underwent Scans of Two
Sites from the Following: Distal Radius (DR), Distal Tibia (DT),
Lumbar Spine L;-L, (LS), and Total Hip (TH)

. 2232 Journal of Bone and Mineral Research

cQCT HR-pQCT HR-pQCT
No. of Subjects of TH of DR of DT
cQCT of LS 48 45 43
cQCT of TH 40 39
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Table 2. Mean £ SD for the Analyzed Variables

Variable Mean + SD Range
Age Age (years) 375+80 20-48
Areal bone mineral
density by DXA
Lumbar spine, n=69 BMD (g/cm?) 0.995 +0.157 0.721-1.382
Z-score -0.25+1.48 -2.90-3.60
Total hip, n=69 BMD (g/cm?) 0.890+0.153 0.587-1.147
Z-score -0.30+1.24 -2.80-1.80
1/3 radius, n =69 BMD (g/cmz) 0.707 £0.054 0.604-0.856
Z-score 0.45+0.94 -1.10-2.86
cQCT measurements
Lumbar spine, n=55 Integral vBMD (g/cm3) 0.247 £0.031 0.194-0.319
Trabecular vBMD (g/cm?) 0.163 +0.035 0.090-0.263
CSA (mm?) 892+ 125 565-1150
Total femur, n=49 Integral vVBMD (g/cm?®) 0.272 +0.042 0.186-0.376
Trabecular vBMD (g/cm?) 0.144 +0.040 0.058-0.216
Cortical vBMD (g/cm3) 0.472 +0.035 0.406-0.599
Min CSA of femoral neck (mm?) 1008 + 184 729-1688
HR-pQCT measurements
Distal radius, n=55 Integral vVBMD (g/cm?) 0.312 4+ 0.065 0.141-0.490
Trabecular vVBMD (g/cm?) 0.137 +0.037 0.062-0.200
Cortical vBMD (g/cm3) 0.900 + 0.075 0.531-1.018
CSA (mm?) 244440 160-328
BV/TV 0.114 £ 0.031 0.052-0.167
Th.N* (1/mm) 1.854+0.29 1.18-2.36
Tb.Th (mm) 0.061 £0.011 0.042-0.087
Th.Sp (mm) 0.494 £0.100 0.364-0.804
Ct.Th (mm) 0.77 £0.18 0.15-1.17
Distal tibia, n=53 Integral vBMD (g/cm?) 0.276 +0.052 0.170-0.397
Trabecular vBMD (g/cm?) 0.141 +£0.035 0.074-0.217
Cortical vVBMD (g/cm®) 0.907 +0.043 0.827-0.997
CSA (mm?) 642 + 89 425-812
BV/TV 0.117 £0.029 0.061-0.180
Th.N* (1/mm) 1.77 £0.35 1.12-2.54
Tb.Th (mm) 0.066 +0.012 0.049-0.109
Th.Sp (mm) 0.523 +£0.121 0.329-0.834
Ct.Th (mm) 1.10 £0.21 0.71-1.49
Stiffness (kN/mm)
HR-pQCT Distal radius 786 +19.6 32.2-118.1
Distal tibia 220.8+52.4 116.5-321.8
cQCT Lumbar spine L, 72+13 4.1-10.2
Proximal femur 172436 9.6-27.3

Correlations between integral and trabecular vBMD were all
significant (Table 3). The strongest correlations were between
the distal tibia assessed by HR-pQCT and the proximal femur
assessed by cQCT (r=0.78), the distal radius and distal tibia
assessed by HR-pQCT (r=0.70 and 0.73), and L, and the proximal
femur assessed by cQCT (r=0.68 and 0.72). For cortical vBMD,
only the two peripheral sites, the distal radius and the tibia,
correlated significantly (r=0.40; Table 3).

Correlations among aBMD values at three skeletal sites and
between aBMD and vBMD values at four skeletal sites are shown
in Table 4. There were moderate to strong correlations among
aBMD measurements (r=0.54-0.79), and aBMD correlated

significantly with vBMD by cQCT and HR-pQCT at all skeletal
sites. aBMD and vBMD agreed well at the lumbar spine (r=0.79)
and proximal femur (r=0.77). In contrast, aBMD of the 1/3 radius
correlated weakly with vBMD at all sites (r=0.33-0.45). Inter-
estingly, the correlation between aBMD and vBMD of the radius
was significantly lower than that of the lumbar spine or proximal
femur. This is likely because the 1/3 radius region measured by
DXA is more proximal than that measured by HR-pQCT and is
comprised of a much higher proportion of cortical bone.
Geometry was assessed as mean CSA of the lumbar spine,
distal radius, and distal tibia and minimum CSA of the femoral
neck (Table 5). All CSA measurements correlated significantly,
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Fig. 3. Correlations between the stiffness of the distal radius, distal tibia, lumbar spine L1, and proximal femur by linear regression.

except the distal radius and lumbar spine. Relatively higher
correlation coefficients were observed between the two central
(r=0.68) and two peripheral (r=0.60) sites when compared
with those found between the central and peripheral sites
(r=0.41-0.57).

Significant correlations were found between microstructural
measurements at the distal radius and tibia: BV/TV (r=0.73),
Tb.N* (r=0.58), Tb.Th (r=0.49), Tb.Sp (r=0.62), and CtTh
(r=0.60; all p<.001). The limited spatial resolution of cQCT
images does not permit microstructural measurements of the
lumbar spine and proximal femur.

The contributions of aBMD, vBMD, geometric, and micro-
structural measurements to whole-bone stiffness of the lumbar
spine, proximal femur, distal radius, and tibia are presented in
Table 6. Stiffness of all four sites correlated significantly with
aBMD of the lumbar spine (r = 0.55-0.78) and total hip (r =0.69-

Table 3. Relationships Between Integral, Trabecular, and
Cortical vBMD Measured by cQCT and HR-pQCT

Integral Trabecular Cortical
vBMD vBMD vBMD

HR-pQCT DR versus cQCT LS 0.36' 0.58"
HR-pQCT DR versus cQCT TH 056"  0.67" 0.19
HR-pQCT DT versus cQCT LS 059  0.53"
HR-pQCT DT versus cQCT TH 078"  0.78" 0.31
HR-pQCT DR versus HR-pQCT DT  0.70°  0.73°  0.40
cQCT LS versus cQCT TH 0.68" 0.72"

0.81), and the correlations were significantly stronger than those
between the stiffness and aBMD of the 1/3 radius (r = 0.38-0.47).
In addition, integral and trabecular vBMD of the lumbar spine
(r=0.41-0.73) and proximal femur (r = 0.49-0.76) also correlated
significantly with the stiffness of all four sites. In general,
however, correlation coefficients were lower than those between
the aBMD and stiffness of corresponding sites.

Most vBMD and microstructural measurements of HR-pQCT
images correlated significantly with the stiffness of all four sites
(Table 6). Integral and trabecular vBMD of the distal radius
correlated most strongly with the stiffness of the distal radius
(r=0.71 and 0.79); correlation coefficients with the other sites
were weaker (r=0.46-0.62). Integral and trabecular vBMD of the
distal tibia correlated strongly with the stiffness of the proximal
femur, distal radius, and distal tibia (r=0.71-0.88) and mode-
rately with the stiffness of L; (r=0.47 and 0.49). All micro-

Table 4. (Above) Relationships Between aBMD Values at
Different Skeletal Sites and (Below) Relationships Between aBMD
Values Measured by DXA and vBMD Values Measured by cQCT
and HR-pQCT at Different Skeletal Sites

LS aBMD TH aBMD  1/3 radius aBMD

LS aBMD 0.79* 0.54*
TH aBMD 0.60*
HR-pQCT DR vBMD  0.39' 0.54 0.33*
HR-pQCT DT vBMD 056" 0.70" 0.45*
cQCT LS vBMD 0.79" 0.69" 0.34%
cQCT TH vBMD 0.54" 0.77" 043"

Note: The significant correlations are given in boldface: “p <.001;
'p<.01; *p < .05.

*p<.001; Tp<.01; Ip<005.
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Table 5. Relationships Between the Mean Cross-Sectional Area
(CSA) of the Distal Radius (DR), Distal Tibia (DT), Lumbar Spine L;-
L, (LS) and the Minimum Cross-Sectional Area (min CSA) of the
Femoral Neck (FN) Measured by cQCT and HR-pQCT

CSA of DT CSA of LS Min CSA of FN
CSA of DR 0.60" 0.13 0.441
CSA of DT 0.41" 0.57"
CSA of LS 0.68"

Note: The significant correlations are given in boldface: *p <.001;
ip<.01; 'p<.05.

structural measurements of the distal radius and distal tibia
correlated positively and significantly with stiffness of all four
sites (BV/TV, Tb.N*, Tb.Th, and Ct.Th, r=0.34-0.88) except for
Th.Sp, which correlated negatively (r=-0.42 to —-0.73).

In summary, for prediction of femoral stiffness, integral vBMD
(r=0.75) and stiffness (r=0.69) of the distal tibia by HR-pQCT

were similar to direct measurements of the proximal femur,
aBMD of the hip by DXA (r=0.70), and vBMD of the hip by cQCT
(r=0.64). For prediction of vertebral stiffness, trabecular vBMD
(r=0.58) and stiffness (r=0.70) of the distal radius by HR-pQCT
were similar to direct measurements of the lumbar spine, aBMD
by DXA (r=0.78), and vBMD by cQCT (r=0.67).

Discussion

In this study we compared measurements of aBMD, vBMD,
geometry, and microstructure of two peripheral (radius and tibia)
and two central (lumbar spine and proximal femur) sites in the
same subjects by three clinical imaging modalities and two FE
analysis techniques. To our knowledge, this is the first time that
relationships among measurements of mechanical competence
of multiple skeletal sites have been examined in vivo. Significant
correlations were found between the stiffness of the two
peripheral sites and the two central sites, as well as between the

Table 6. Relationships Between Bone Mineral Density and Structural Parameters Measured by DXA, cQCT, and HR-pQCT and Stiffness

Derived From cQCT and HR-pQCT Image-Based FE Analyses

Proximal Distal Distal
Stiffness L, femur radius tibia
Areal bone mineral density by DXA
Lumbar spine aBMD 0.78' 0.55' 0.76' 0.71
Total hip aBMD 0.69' 0.70' 0.78' 0.81
1/3 radius aBMD 0.38' 0.45' 0.47' 0.46
Volumetric bone mineral density and CSA by cQCT
Lumbar spine Integral vBMD 0.67 0.47 0.73' 0.67
Trabecular vBMD 0.66' 0.41 0.58 0.61
CSA 0.35 0.39' 0.40' 0.29
Total femur Integral vBMD 0.49' 0.64 0.61 0.69'
Trabecular vBMD 0.57 0.65 0.68' 0.76'
Cortical vBMD 0.21 0.61 0.37¢ 0.42"
Min CSA 0.25 0.14 0.48! 0.46
HR-pQCT measurements
Distal radius Integral vBMD 0.46' 0.46' 0.71 0.48"
Trabecular vBMD 0.58' 0.47¢ 0.79' 0.62
Cortical vBMD 0.06 0.06 0.28¢ 0.04
CSA 0.25 0.19 0.32¢ 0.48
BV/TV 0.58' 0.47' 0.79' 0.62'
Th.N* 0.56 0.35 0.58' 0.57'
Tb.Th 0.44' 0.55 0.72' 0.54'
Th.Sp —0.58 —0.42 —0.65 —0.62'
CtTh 0.38¢ 0.34 0.65 0.50'
Distal tibia Integral vBMD 0.49' 0.75 0.75" 0.74
Trabecular vBMD 0.47 0.71 0.81 0.88
Cortical vBMD 0.51 0.29 0.43" 0.32¢
CSA 0.27 0.17 0.36' 0.51
BV/TV 0.46' 0.71 0.81 0.88"
Th.N* 0.55 0.54' 0.69 0.66
Tb.Th 0.13 0.54' 0.44 0.58
Tb.Sp —0.60' —0.61 —0.72 -0.73
CtTh 0.41" 0.68' 0.66' 0.67

Note: The significant correlations are given in boldface: *p <.001; p < .01; *p < .05.
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peripheral and central skeletal sites. Associations between the
stiffness of multiple skeletal sites were explained in part by the
significant correlations found among other measurements of
bone mass and size, such as aBMD, vBMD, and CSA. This is also
the first study to evaluate the extent to which trabecular and
cortical vBMD, geometry, and microstructural and stiffness
parameters measured by HR-pQCT of the distal radius and tibia
reflect stiffness of lumbar spine and proximal femur. Our results
suggest that bone density, microstructure, and stiffness
measured by HR-pQCT of the distal radius and tibia reflect
stiffness of the lumbar spine and proximal femur, the sites of the
most serious osteoporotic fractures.

At the distal radius and tibia, cortical bone plays a critical role
in load share.*? The only significant correlation of cortical
vBMD among the four skeletal sites was between the two
peripheral sites. Integral and trabecular vBMD of the distal radius
and tibia also correlated highly with each other. Moreover,
strong correlations were found for mean CSA and microstructural
measurements between the distal radius and tibia. These factors
combined contributed to the high correlation between the
stiffness of the two peripheral sites. Furthermore, high correla-
tions were also found for integral and trabecular vBMD and CSA
between the distal tibia and the proximal femur, consistent with
the strong correlation between the stiffness of the two sites. The
moderate correlations between the stiffness of the distal tibia
and lumbar spine and between the distal radius and proximal
femur may be explained by the moderate correlations between
these sites for aBMD, vBMD, and CSA. In contrast, although
aBMD, integral and trabecular vBMD, and CSA of the lumbar
spine and proximal femur correlated well, there was only
moderate correlation between the stiffness of the two central
sites. On the other hand, despite moderate correlations for aBMD
and integral and trabecular vBMD between the distal radius and
the lumbar spine and no correlation for CSA, we found a strong
correlation for stiffness. These results indicate that correlations
among aBMD, vBMD, and geometry only partially explain
correlations for stiffness between different skeletal sites and
suggest that other factors such as trabecular bone microstruc-
ture and cortical load share may influence differences in stiffness
between different skeletal sites. Unfortunately, these measure-
ments cannot be assessed in vivo by currently available imaging
modalities for the lumbar spine and proximal femur.

To our knowledge, only two previously published studies have
investigated the relationships of bone quality measurements
among multiple skeletal sites. Cohen and colleagues compared
microstructural and mechanical measurements made on iliac
crest bone biopsies by 2D quantitative histomorphometry and
micro—computed tomography (.CT) with those from the distal
radius and tibia by HR-pQCT; some of the women included in
these analyses also contributed to that study. The authors found
moderate and significant associations between the peripheral
and axial (transiliac biopsy) measures of microstructure and
mechanical competence.”’ Eckstein and colleagues reported
moderate to weak correlations of microstructural measurements
of trabecular bone specimens between the distal radius, femoral
neck, femoral trochanter, iliac crest, calcaneus, and lumbar
vertebral body.®" The reported correlations were much lower
than those found in this study. This may be related to the small

dimensions of the bone sample analyzed by Eckstein and
colleagues (6mm in diameter and length). In addition, their
subjects consisted of elderly men and women (~80 years of age),
whereas our subjects were premenopausal women; measure-
ment of a bone sample of limited size may not represent
properties at the whole-bone level because of the increased
inhomogeneity of trabecular structure with aging.“

Contributions of the microstructural measurements of the
distal radius and tibia by HR-pQCT to their estimated stiffness
were significant and strong, consistent with previous stu-
dies.*®*? Furthermore, density and microstructural measure-
ments of the distal radius and tibia by HR-pQCT were significantly
associated with the stiffness of the proximal femur and lumbar
spine. The vBMD and stiffness measurements of the distal tibia
by HR-pQCT were particularly strong indicators of femoral
stiffness, whereas those of the distal radius by HR-pQCT were
strong indicators of vertebral stiffness. It is intriguing that aBMD
of lumbar spine and total hip were strong indicators of the
stiffness of all four skeletal sites. These results suggest that DXA
measurements of the central skeleton and HR-pQCT measure-
ments of the peripheral skeleton are good indicators of the
stiffness of both peripheral and central skeletal sites.

This study has several important strengths. To our knowledge,
it is the only study to evaluate in the same human subjects the
relationships among measurements of aBMD, vBMD, geometry,
and stiffness of the lumbar spine and proximal femur assessed
by DXA and cQCT and vBMD, geometry, microstructure, and
stiffness of the distal radius and tibia assessed by HR-pQCT. We
employed state-of-the-art technologies for assessing bone
quality in vivo and for understanding both the similarities and
differences between multiple skeletal sites. A second strength of
the study is the relatively young subject population, including
both normal and osteoporotic women, characterized by a broad
range of aBMD, vBMD, geometry, microstructure, and stiffness
values. Third, this is the first study to address the biologic
relevance of HR-pQCT images of the distal skeleton to the central
skeleton.

This study also has several limitations. First, two different FE
analysis techniques were used for the central and peripheral
skeletal sites. Continuum FE models were built based on cQCT
images of the lumbar spine and proximal femur. These models
mechanically integrate all the anisotropic and inhomogeneous
BMD information and complex geometry of the vertebra and
proximal femur but not bone microstructure. In contrast, the
microstructural FE models based on HR-pQCT images of the
distal radius and tibia mechanically integrated fine microstruc-
ture of cortical and trabecular bone but with the assumption
of uniform bone mineralization. These technical differences
between the two imaging modalities and FE modeling strategies
may have introduced variability into the derived stiffness
measurements across central and peripheral skeletal sites,
affecting the observed relationships. Second, cortical and
trabecular bone microstructure of the lumbar spine and proximal
femur were not available owing to the limited spatial resolution
of the cQCT device used in this study. With ongoing
development of HR-CT and wMRI techniques, images of central
skeletal sites may ultimately have sufficient resolution for in vivo
microstructural analyses in the future."=2% Such advances will
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permit additional insights into associations between central
and peripheral skeletal sites. Third, the study population
consisted only of premenopausal women. Eckstein and
colleagues found that relationships of microstructure between
sites did not differ by gender.®” However, a study by Riggs and
colleagues suggested different trabecular bone loss rates at the
distal radius, distal tibia, and lumbar spine for both men and
women after age 50.% Differences in age-related cortical and
trabecular bone loss“® could also affect the observed associa-
tions between the measurements, especially those with aBMD.
Therefore, it remains unclear whether the relationships observed
in this study could be extended to men or to older populations
with lower BMD values.

In conclusion, we found that the stiffness of central and
peripheral skeletal sites were significantly associated with each
other and were explained only partially by significant relation-
ships between aBMD, vBMD, geometry, and microstructure. HR-
pQCT-based images and FE analyses of peripheral skeletal sites
are good indicators of stiffness of the lumbar spine and proximal
femur and have potential utility in the clinical investigation of
osteoporosis.
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