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Abstract

Purpose—High resolution peripheral quantitative CT (HR-pQCT) is a new imaging technique
that assesses trabecular and cortical bone microarchitecture of the radius and tibia in vivo. The
purpose of this study was to determine the extent to which microarchitectural variables measured
by HR-pQCT reflect those measured by the “gold standard”, transiliac bone biopsy.

Methods—HR-pQCT scans (Xtreme CT, Scanco Medical AG) and iliac crest bone biopsies were
performed in 54 subjects (aged 39+10 years). Biopsies were analyzed by 2D quantitative
histomorphometry and 3D microcomputed tomography (uCT). Apparent Young’s modulus, an
estimate of mechanical competence or strength, was determined by micro-finite element analysis
(uFE) of biopsy uCT and HR-pQCT images.

Results—The strongest correlations observed were between trabecular parameters (bone volume
fraction, number, separation) measured by uCT of biopsies and HR-pQCT of the radius (R:
0.365-0.522; p<0.01). Cortical width of biopsies correlated with cortical thickness by HR-pQCT,
but only at the tibia (R=0.360, p<0.01). Apparent Young’s modulus calculated by uFE of biopsies
correlated with that calculated for both radius (R=0.442; p<0.001) and tibia (R=0.380; p<0.001)
HR-pQCT scans.

Conclusions—The associations between peripheral (HR-pQCT) and axial (transiliac biopsy)
measures of microarchitecture and estimated mechanical competence are significant but modest.
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INTRODUCTION

Quantitative histomorphometry of transiliac bone biopsy samples is a powerful clinical
research tool that has greatly enhanced our understanding of normal bone microstructure,
remodeling and strength, as well as the skeletal effects of various diseases and therapies for
osteoporosis [13,44]. Both 2-dimensional (2D) histomorphometry of biopsy sections, and
more recently, 3-dimensional (3D) micro-computed tomography (uCT) of the entire biopsy
specimen have been used to characterize trabecular bone microarchitecture in patients with
hyperparathyroidism [11,12,39-41], hypoparathyroidism [46] and osteoporosis [1,21,23],
and to document significant improvements in iliac trabecular bone microarchitecture after
teriparatide therapy [8,10,34]. In addition, finite element analysis (uWFE), a mathematical
modeling technique, can be applied to 3D uCT images of biopsy specimens to calculate
Young’s modulus, an estimate of trabecular bone strength or stiffness that demonstrates
excellent agreement with true biomechanical tests of bone specimens [6,25].

As acquisition of iliac crest biopsies is invasive, time-consuming and expensive, there is
great interest in noninvasive imaging techniques that permit assessment of bone
microstructure in vivo. One such noninvasive technique, high-resolution peripheral
quantitative computed tomography of the radius and tibia (HR-pQCT; XtremeCT, Scanco
Medical AG, Bassersdorf, Switzerland), yields 3D images of sufficiently high resolution
(~82 microns) to visualize trabecular microstructure that previously could be assessed only
on bone biopsy samples. HR-pQCT provides measurements analogous to those obtained by
2D histomorphometry and 3D pCT of biopsy specimens, including trabecular bone volume
fraction (BV/TV), trabecular number (Th.N), thickness (Th.Th), and separation (Th.Sp).
However, technical aspects of acquiring the measurements differ among the three
techniques, and as the resolution of HR-pQCT is in the range of trabecular dimensions, this
technique, in particular, is limited in visualizing individual trabeculae. uFE can be applied to
HR-pQCT data sets to estimate mechanical competence in vivo [30]. HR-pQCT and pFE of
HR-pQCT data sets discriminate between groups of postmenopausal women with and
without fractures [3,5,32,48] and may prove useful as a clinical predictor of fracture risk.

MacNeil et al. have demonstrated strong correlations between microarchitecture and
strength parameters measured on HR-pQCT scans and pCT and pFE of the same cadaveric
radii [30]. However, the relationships between microarchitecture and stiffness measured on
transiliac bone biopsies and in vivo HR-pQCT scans of the radius and tibia have not been
examined. The purpose of this study was to determine the extent to which microarchitectural
variables measured by HR-pQCT reflect those measured by the “gold standard”, transiliac
bone biopsy, in subjects with a broad range of ages, bone mineral density measurements and
bone microarchitectural characteristics.

MATERIALS AND METHODS

Study Subjects

We studied 54 subjects who had a percutaneous, transiliac bone biopsy and HR-pQCT scans
of the radius and tibia during the course of their participation in one of two research
protocols: a cross-sectional case-control study of idiopathic osteoporosis in premenopausal
women and a study of bone structure and quality in postsurgical or idiopathic
hypoparathyroidism. HR-pQCT scans were performed within 3 + 3 months of the bone
biopsy.

Premenopausal women with osteoporosis were included on the basis of a history of low-
trauma fractures or low bone mineral density measurement (T score < —2.5 or Z score <
—2.0) at the spine or proximal femur. To qualify as a normal control, women were required
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to have normal bone density (T = —1.0 or Z score = —1.0) and no history of fractures. Cases
and controls underwent an evaluation to exclude common secondary causes of osteoporosis,
including medications, metabolic bone diseases, endocrinopathies, eating disorders,
amenorrhea, celiac disease and hypercalciuria. Men and women with hypoparathyroidism
had confirmed disease for at least 36 months and were receiving stable therapy with
calcium, parent vitamin D and calcitriol.

All subjects were studied at Columbia University Medical Center or Creighton University
Medical Center. All subjects provided written informed consent and the Institutional Review
Boards of both institutions approved these studies.

Areal bone mineral density (aBMD)

Areal BMD was measured by dual energy x-ray absorptiometry (QDR-4500, Hologic Inc.,
Walton, MA) at both Columbia and Creighton University Medical Centers, which were
cross-calibrated by circulating a phantom between the two sites. Bone density was expressed
in terms of T and Z scores for comparisons of subjects with young-normal and age-matched
populations, respectively, of the same race and sex.

Transiliac bone biopsy

After double-labeling with tetracycline in a 3:12:3 day sequence, transiliac bone biopsy was
performed using a Bordier-type trephine with an inner diameter of 7.5 mm [44]. The biopsy
site was 2cm posterior and inferior to the anterior-superior iliac spine. The specimens —an
intact core with both cortices and intervening cancellous bone - were fixed and dehydrated
in ethanol. After being scanned by uCT, they were embedded in polymethylmethacrylate for
2D quantitative histomorphometry.

Micro-computed tomography

The micro-tomographic imaging system (uCT 40, Scanco Medical AG, Brdttisellen,
Switzerland) is equipped with a 5 um focal spot X-ray tube as a source. A two-dimensional
CCD, coupled to a thin scintillator as a detector permits acquisition of 210 tomographic
images in parallel. The long axis of the intact biopsy is oriented along the rotation axis of the
scanner. The X-ray tube is operated at 50 kVp and 160 uA with an integration time set to
200 ms and all projection frames are recorded 6 times and then averaged. Scans (high
resolution mode) are performed at an isotropic, nominal resolution of 8 um (nominal spatial
resolution/voxel size rather than true spatial resolution). For each subject, the intact biopsy
was scanned. Biopsies varied in length ranging from 7 mm up to 15 mm, which resulted in
measurement times of between 7 and 15 hours. A cylindrical volume of interest was then
placed in the digital image data to select the trabecular bone compartment. The mineralized
tissue was segmented from soft tissue by a global thresholding procedure [47], with a
threshold value set to 34% of the maximum grayscale value. Morphometric indices were
determined for the trabecular bone compartment using a direct 3D approach [18] and include
bone volume density (BV/TV), Th.Th, Th.Sp, and Th.N.

Bone histomorphometry

After being scanned by uCT, biopsy specimens were embedded, sectioned and stained
according to our established procedures [10,13,16,33]. Histomorphometry was performed
with a digitizing image-analysis system, consisting of microscopy with normal and UV
light, a high-resolution three-chip color video camera, a tablet, a computer and its display,
and a morphometric program (OsteoMeasure, Version 4.00C, OsteoMetrics, Inc, Atlanta,
GA). All variables were expressed and calculated according to the recommendations of the
American Society for Bone and Mineral Research [37].
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Conventional indices of bone structure were evaluated on Goldner-stained, 7-um-thick
sections. Before measurements, the cancellous space and cortices were precisely demarcated
by well-established criteria [9]. The cancellous bone volume (cancellous bone volume as a
percentage of tissue volume; BV/TV), trabecular width (the mean distance across individual
trabeculae; Th.Th), trabecular number [Th.N; (BV/TV)/Tb.Th], and trabecular separation
(the mean distance between individual trabeculae; Th.Sp) were derived from the two-
dimensional (2D) measurement of total tissue area, cancellous bone area, and perimeter
using stereological techniques, and assuming a parallel plate model [38]. Cortical width was
measured after defining the periosteal and endocortical surfaces. The measurements of bone
structure variables were performed at x20 magnification.

HR-pQCT of the radius and tibia

The subjects’ nondominant forearm and distal tibia were immobilized in a carbon fiber shell
and scanned at Columbia University Medical Center on the Xtreme CT (Scanco Medical
AG, Bassersdorf, Switzerland), using manufacturer-defined settings as previously described
[3,5,48]. This machine uses a 2D detector array and a 0.08 mm point-focus X-ray tube. The
measurement region is first defined on a scout film by manual placement of a reference line
at the endplate of the radius or tibia; the first slice is 9.5 mm proximal to the reference line at
the radius and 22.5 mm proximal to the reference line at the tibia. A stack of 110 parallel CT
slices is then acquired (distal to proximal) at the radius and tibia using an effective energy of
40 keV, slice thickness of 82 microns, image matrix size 1024 x 1024, with a nominal
resolution of 82 microns. This provides a 3D image of approximately 9 mm in the axial
direction. Attenuation data are converted to equivalent hydroxyapatite (HA) densities. The
European Forearm Phantom is scanned at least weekly, or whenever subjects are scanned,
for quality control.

The manufacturer’s methods of bone microstructure analysis have been described and
validated [26-28,35] and applied to several recent clinical studies [3,5,31,32,45,48]. Briefly,
the volume of interest (VOI) is automatically separated into cortical and trabecular regions
by using a threshold-based algorithm set to one-third the apparent cortical bone density
(Dcort)- Mean cortical thickness (Ct.Th) is defined as the mean cortical volume divided by
the outer bone surface. Trabecular bone density (Dyrgp) is defined as the average bone
density within the trabecular VOI. BV/TV (%) is derived from Dy4p assuming that the
density of fully mineralized bone is 1.2 g hydroxyapatite/cm3 (BV/TV = 100 x Dy4,/1200
mg HA/cmd). Direct measurements of trabecular microstructure are limited because the
nominal spatial resolution of the XtremeCT (82 microns) is in the range of trabecular
dimensions; thus visualization of individual trabeculae is limited. Therefore, trabecular
structure is assessed using a thickness-independent algorithm [28,29]. Trabecular elements
are identified by a mid-axis transformation method and the distance between them is
assessed by the distance-transform method [19]. In contrast to 2D histomorphometry, Th.N
is defined as the inverse of the mean spacing of the mid-axes. Th.Th and Th.Sp are then
derived from BV/TV and Th.N using formulae derived from traditional quantitative
histomorphometry; Th.Th = (BV/TV)/Th.N and Th.Sp = (1- BV/TV)/Th.N.

MFE of uCT and HR-pQCT images

We used pFE of the uCT images of transiliac bone biopsies and HR-pQCT images from
Xtreme CT scans to calculate the apparent Young’s modulus (E), an index of resistance to
compressive forces (strength or mechanical competence). For uFE of HR-pQCT images, a
rectangular volume of interest (VOI) of 70*70*70 voxels, corresponding to 5.74*5.74*5.74
mm3, was isolated manually from the center of each radius image, and a rectangular VOI of
110*110*110 voxels, corresponding to 9.02*9.02*9.02 mms3, was isolated manually from
the center of each tibia image. The location of the VOI was defined by the center of the
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largest cylinder that could fit within the trabecular compartment of tibia and radius,
respectively, thus providing a reproducible location based on a customized protocol. Single
isolated voxels or a group of connected voxels not connected to the remainder of the
trabecular bone network, were removed using component labeling, as they do not contribute
mechanically and may cause computational difficulties. The images of VOIs were processed
to construct micro finite element models by converting the bone voxels to eight node brick
elements. The bone tissue properties were assumed to be isotropic and linearly elastic with a
Young’s modulus of 15 GPa and a Poisson’s ratio of 0.3 for all models [51]. Six uFE
analyses, representing three uniaxial compressions and three uniaxial shears, were
performed on each model using an element-by-element pre-condition conjugate gradient
solver [20,50]. The anisotropic stiffness tensor of each VVOI was calculated first in the
original image coordinate system. Subsequently, the best-fit orthotropic stiffness matrix and
then the principal directions of the stiffness matrix were calculated by minimizing off-
diagonal terms and the compliance matrix was transformed to the new principal coordinate
system [50]. Based on the compliance matrix, estimated elastic material constants (three
apparent Young’s moduli, E14, E»y, E33) were calculated and sorted. Eqq represents the
modulus along the medial-lateral direction, E», represents the modulus along the anterior-
posterior direction, and E33 represents the modulus along the longitudinal direction.

Apparent Young’s modulus in the long axis (transverse direction) of the biopsies was
determined by uFE of uCT images. A rectangular volume of interest of 640*640*300
voxels, corresponding to 5.12*5.12*2.40 mm3, was isolated in the center of the biopsy
image. Images were then converted to finite element models as described for the HR-pQCT
images. uFE was restricted to geometric and material linearity. A single load case was
applied, representing uniaxial compression along the long axis of the specimen; for the uFE
models this is the direction of highest stiffness. For the solution of the resulting systems, a
custom in-house parallel conjugate gradient finite element solver with multilevel
preconditioning [2] was used.

Statistical analysis

RESULTS

Statistical analyses were performed using SAS software (SAS Institute, Cary NC, USA). All
data are expressed as mean + SD. Correlation analyses were conducted to investigate
relationships between measures of density, microstructure and mechanics obtained using the
different techniques and the different anatomical locations as described above. 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 upon Kolmogorov-Smirnov test (SAS UNIVARIATE
procedure). The observed relationships between techniques were not substantially changed
by adjustment for age or study group. Therefore the unadjusted data are presented.

Subjects (n=54) included 23 premenopausal women with normal BMD and no fractures, 15
premenopausal women with low BMD or history of low-trauma fracture, and 16 patients
with hypoparathyroidism (4 men, 8 premenopausal and 4 postmenopausal women). The
average age of the subjects was 39 £ 10 years, with a range of 22 to 65 years. Mean age was
37 + 8 for normal premenopausal women, 38 + 9 for premenopausal women with
osteoporosis, and 44 + 12 for subjects with hypoparathyroidism. BMD T-scores ranged from
—3.11to +4.51 (Table 1).

Mean values of lumbar spine and total hip areal BMD and T scores by DXA, trabecular and

cortical microstructural parameters assessed at the iliac crest by 2D histomorphometry and
3D uCT, and at the radius and tibia by HR-pQCT are presented in Table 1. Also presented
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are mean values of bone stiffness or mechanical competence assessed by pFE of uCT data
sets from the iliac crest biopsies (E, in the long axis of the biopsy, transverse) and HR-pQCT
scans of the radius and tibia (Eq11, medial-lateral; E»,, anterior-posterior; Ez3, longitudinal or
axial).

At the iliac crest, trabecular microstructural parameters (BV/TV, Th.N, Th.Th, and Tbh.Sp)
assessed by 3D uCT, correlated significantly and strongly with those assessed by 2D
histomorphometry (Table 2). Coefficients of correlation (R) ranged from 0.613 to 0.875, all
P<0.0001.

Trabecular microstructural parameters assessed by HR-pQCT of the radius and tibia also
correlated significantly with each other (Table 2). Correlation coefficients, which ranged
from 0.357 to 0.758, were highly significant (P <0.001 to 0.0001), though not as strong than
those observed between 2D and 3D histomorphometry at the iliac crest.

In contrast, relationships between trabecular microstructure assessed at the iliac crest by 2D
histomorphometry and at the radius and tibia by HR-pQCT were either not significant or
only weakly significant (Table 2). At the radius, only BV/TV achieved statistical
significance, although there was a trend toward significance for Th.Sp (p = 0.053). At the
tibia, the only near-significant relationship was for BV/TV (p=0.051). Relationships were
stronger between 3D pCT of the iliac crest and HR-pQCT of the radius and tibia than with
2D histomorphometry, particularly at the radius, where correlations between BV/TV, Th.N
and Th.Sp were of moderate strength (R = 0.365 to 0.522; p <0.01 to 0.0001; Table 2 and
Figure 1).

Interestingly, correlations between BV/TV measured by 2D histomorphometry at the iliac
crest and by peripheral HR-pQCT (R for radius, 0.304; p < 0.05 and for tibia, 0.274; p=NS)
were comparable to those between BV/TV by 2D histomorphometry and central areal BMD
by DXA (R =0.274 for lumbar spine and 0.306 for total hip; both p<0.05) (Table 2). DXA
was somewhat more strongly associated with BV/TV by 3D uCT (R = 0.352 for lumbar
spine and 0.365 for total hip; both p<0.01) than by 2D histomorphometry. In contrast,
relationships between BV/TV of the radius and tibia measured by HR-pQCT and central
areal BMD were considerably stronger. Radius BV/TV correlated significantly with lumbar
spine and total hip aBMD (R = 0.645 and 0.648, respectively, both p<0.0001). Tibia BV/TV
also correlated significantly with lumbar spine and total hip aBMD (R = 0.637 and 0. 749,
respectively, both p<0.0001). The results were not substantially altered after adjusting for
age or age and group (premenopausal control, premenopausal osteoporaosis,
hypoparathyroidism).

HR-pQCT of the radius and tibia and 2D histomorphometry of biopsy specimens provide
measures of cortical thickness and width, respectively (Table 1). Cortical thickness of the
radius correlated moderately well with that of the tibia (R = 0.578, p<0.0001; Table 2).
However, the relationship between cortical width by 2D histomorphometry and cortical
thickness by HR-pQCT of the radius was not significant, and the correlation at the tibia was
weak (R=0.360, p <0.01).

Apparent Young’s moduli estimated by uFE are shown in Table 1 and representative uFE
images from normal, osteoporotic and hypoparathyroid subjects are shown in Figure 2. The
strongest relationship was that between pFE of HR-pQCT scans of the radius and tibia in the
medial-lateral direction (E1q; R=0.615, p<0.0001), while correlations between the anterior-
posterior and longitudinal or axial directions were less robust (Table 3). uFE of the transiliac
biopsies (E in the long axis of the biopsy or transverse direction) correlated with Eq; in the
medial-lateral direction of HR-pQCT scans of the radius (R=0.442; p<0.001) and tibia
(R=0.380; p<0.001). There were also weaker but significant correlations between E of the
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biopsy and Ey, (anterior-posterior) and E33 (axial or longitudinal) at the radius, although not
at the tibia. Areal BMD by DXA correlated significantly with pFE of HR-pQCT scans but
minimally or not at all with pFE of transiliac biopsies. Pearson correlation coefficients
ranged from 0.431-0.648 (all p<0.002) for lumbar spine and 0.364-0.664 (all p<0.009) for
total hip BMD versus three Young’s moduli of radius and tibia. In contrast, correlations
between areal BMD by DXA and pFE of biopsies were weak and of borderline statistical
significance (R = 0.278; p=0.05 and R = 0.234, p=0.1, for lumbar spine and total hip
respectively).

DISCUSSION

This is the first study to evaluate the extent to which trabecular and cortical
microarchitectural and strength variables measured by HR-pQCT of the distal radius and
tibia reflect those assessed in the same subjects by 2D histomorphometry and 3D uCT of the
iliac crest bone biopsy. In a diverse group of subjects characterized by a broad range of ages,
bone density measurements and microarchitectural features, we found that measurements
made on or derived from HR-pQCT scans of the radius and tibia generally did not correlate
with those made by 2D histomorphometry at the iliac crest; only BV/TV achieved statistical
significance and only at the radius. Although relationships between HR-pQCT and 3D
(volumetric) uCT of the iliac crest were stronger, they were still relatively modest. The
relationships between apparent Young’s moduli estimated from HR-pQCT of the radius and
tibia (in 3 directions) and calculated from pCT scans of the biopsy were of similarly
moderate strength. In all cases, relationships were stronger between iliac crest and the radius
than the tibia. These results suggest that structural and strength parameters measured by HR-
pQCT are largely not predictive of those measured by quantitative 2D histomorphometry
and only moderately predictive of 3D uCT at the iliac crest.

Quantitative histomorphometry of transiliac crest bone biopsies is an invaluable tool for the
study of dynamic indices of bone remodeling. Additionally, it has long been considered the
“gold standard” for evaluating bone microarchitecture. Over the past three decades, it has
provided fundamental information about bone microarchitecture in a number of important
metabolic bone diseases, including postmenopausal osteoporosis [42], osteoporosis in men
[24], primary hyperparathyroidism [40], renal bone disease [15], and more recently,
hypoparathyroidism [46] and idiopathic osteoporosis in premenopausal women [14]. More
recently, the application of uCT to bone biopsy specimens has improved assessment of
trabecular microarchitecture, because the analysis is truly volumetric, encompasses the
entire biopsy specimen rather than being limited to several histological sections, and does
not rest upon assumptions of the underlying plate- or rod-like nature of trabecular structure.

With the recent introduction of high-resolution, 3D in vivo imaging techniques such as
micro-MRI and HR-pQCT, it has become possible to assess trabecular microarchitecture
non-invasively at clinically relevant weight bearing and non-weight bearing skeletal sites
that may be affected by osteoporosis and may predict fracture. In this study, we aimed to
determine the degree to which microstructural parameters of peripheral sites assessed by
HR-pQCT, sometimes referred to as a “virtual bone biopsy”, reflect those measured on
biopsy specimens from the iliac crest.

As expected, we observed strong correlations between traditional 2D histomorphometry and
3D uCT of iliac crest biopsies, consistent with previous studies in our laboratories and those
of other investigators conducted in populations with a wide range of ages and diverse
clinical diagnoses [7,11,22,36,43,49]. Recker et al. found strong relationships between
microarchitectural variables measured by both techniques in 88 postmenopausal women,
with correlations ranging from 0.60 for trabecular thickness to 0.83 for bone volume [43].
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Similarly, we found strong relationships between 2D histomorphometry and 3D pCT in
transiliac crest biopsies from 44 men and women with primary hyperparathyroidism, with R
values ranging from 0.65 to 0.79 [11], similar to the range we observed in this study (0.61 to
0.88). In this study, we also observed highly significant correlations between trabecular
microstructural parameters assessed by HR-pQCT of the radius and tibia.

In contrast to the strong relationships between 2D and 3D assessments of transiliac crest
biopsies and between HR-pQCT scans of the radius and tibia, the most robust correlations
we observed between biopsy and HR-pQCT parameters, specifically between BV/TV, Th.N
and Th.Sp measured by pCT of iliac crest biopsies and HR-pQCT, were quite weak at the
radius (R% = 0.158, 0.133 and 0.273, respectively) and even more so at the tibia (R2= 0.076,
0.046 and 0.115, respectively), while Th.Th did not achieve statistical significance at all.
Mechanical competence, as assessed by Young’s moduli, also correlated weakly between
the iliac crest and radius (R? = 0.110-0.195) and even more weakly with the tibia (R? =
0.013-0.144). Notably, relationships between areal BMD of central sites (lumbar spine and
total hip) and BV/TV measured by both 2D histomorphometry and 3D uCT of the iliac crest
were also weak, while those between areal BMD and BV/TV by HR-pQCT were much more
robust (R? = 0.405 - 0.561). The fact that relationships between HR-pQCT (BV/TV of
radius and tibia) and DXA measurements of areal BMD (spine and hip) were stronger than
those between HR-pQCT and histomorphometry (2D or 3D) of the iliac crest suggests that
perhaps it is the iliac crest site per se that is the source of the variability and weaker
relationships. In this regard, Hildebrand et al. found that trabecular structure at the iliac crest
is characterized by large inter-individual differences, with some subjects having a more rod-
like and others a more plate-like architecture [18].

The stronger relationships between HR-QCT and 3D uCT than 2D histomorphometric
parameters are likely seen both because the 2D data represent only a fraction of the entire
biopsy scanned by pCT and also because neither HR-pQCT nor uCT depend upon a priori
assumptions regarding the plate-like or rod-like nature of the underlying trabecular structure,
whereas the stereologic techniques used in 2D histomorphometry are derived assuming a
fixed structural model, specifically a parallel plate model. The stronger relationships
between uCT and uFE of iliac crest and radius than tibia may be because the tibia is a
weight bearing bone, while neither iliac crest nor radius are weight bearing sites. Mechanical
stimuli associated with weight bearing may mitigate trabecular microarchitectural changes
that accompany aging, gonadal hormone deficiency or diseases that affect the skeleton. In
this regard, Boutroy et al. found that HR-pQCT of the radius discriminated between
osteopenic women with and without fractures, while the tibia did not [3].

Certain variables measured by HR-pQCT bore stronger relationships to those measured on
biopsies than others. BV/TV, which is derived from volumetric BMD, was the most
consistently predictive measurement. The correlation between Th.Sp at the iliac crest
measured by pCT and at the radius by HR-pQCT was also relatively strong. Other studies
suggest that trabecular separation may be a particularly important determinant of bone
strength. In a study comparing 2D-histomorphometry of transiliac biopsies in two groups of
women, with and without documented vertebral fractures, the largest between-groups
difference was a 49% increase in Th.Sp [23]. Similarly, in a study comparing 2D
histomorphometry and 3D puCT parameters in Japanese women with and without spine
fractures, Th.N was significantly lower and Tb.Sp significantly higher in those with spine
fractures [22]. HR-pQCT results are consistent with these biopsy studies; Th.Sp and
heterogeneity of the trabecular network assessed by HR-pQCT discriminated between
postmenopausal osteopenic women with and without fractures [3,4].

Osteoporos Int. Author manuscript; available in PMC 2011 February 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Cohen et al.

Page 9

The relatively weak relationships we observed could also be accounted for by several
technical and analytic differences in the measurement of similarly named parameters by
uCT, histomorphometry and HR-pQCT, which use different algorithms to calculate
parameters of trabecular structure. For example, HR-pQCT derives BV/TV from directly
measured trabecular bone density (Dirap, the average bone density within the trabecular
VOI), assuming that the density of fully mineralized bone is 1.2 g hydroxyapatite/cm3. BV/
TV assessed by 2D histomorphometry is calculated as the volume of trabecular bone
(including both mineralized and unmineralized matrix) as a percentage of tissue volume
(which includes trabecular bone, marrow and associated soft tissues). In contrast, BV/TV,
assessed by uCT, is measured directly and includes only mineralized bone [17]. Similar
technical issues likely influenced the relationships among other trabecular microstructural
parameters measured by the different techniques. This may be particularly relevant to
trabecular thickness, which did not correlate between either 2D histomorphometry or uCT of
the biopsy and HR-pQCT of radius or tibia. In this regard, our results are similar to those of
Hildebrand et al. who found that Tb.Th was 21-43% lower when calculated by 2D
histomorphometry than when measured directly by uCT [18]. Moreover, because the
nominal resolution of HR-pQCT, 82 microns, is so similar to trabecular dimensions, partial
volume effects limit visualization of individual trabeculae with this technology. In addition,
the fact that trabecular thickness is directly measured by pCT with its resolution of <10 pm
and is a derived measure for HR-pQCT (nominal resolution, 82 um) likely affects the
results. Thus, despite the fact that similar names and symbols are used to describe
parameters obtained using different modalities (eg., TbSp, TbTh), these are really different
measurements and there is a clear limitation in comparing them.

Site-to-site differences in bone structure at different anatomical regions likely also
contribute to the relatively weak relationships observed in this study. MacNeil et al. found
that HR-pQCT accurately reflects uCT and pFE of biopsies taken from the same regions of
cadaveric radii [30]. Trabecular parameters (BV/TV, Th.N, Tb.Th, Th.Sp) measured by the
two imaging techniques correlated well (R2 = 0.59-0.95), as did mechanical stiffness
assessed by uFE of both image types (R? = 0.50-0.73) [30]. In contrast, we compared
different anatomical sites (iliac crest versus radius or tibia), bones that differ structurally and
also are loaded and adapted differently. We are not aware of other clinical studies that have
evaluated relationships between either traditional 2D histomorphometry or uCT of iliac crest
biopsies and HR-pQCT of the radius and tibia. However, Hildebrand et al. also reported
large inter-site trabecular differences between biopsies from different anatomical sites (iliac
crest, femoral head, lumbar spine, and calcaneal core) of the same cadavers analyzed by
uCT [18].

Our study has several limitations. These include the technical and analytic differences
summarized above that characterize the three techniques evaluated and the variability
inherent in analyzing bone samples from different anatomic sites, which differ structurally
and also in terms of adaptation to differences in loading. Additionally, assumptions of
uniform bone mineralization are incorporated into uFE analyses, which could affect results
in the varied clinical population studied here. Relatively few subjects had fractures and thus
we could not evaluate the extent to which these techniques discriminated between patients
with and without fractures.

Our study also has an important strength. To our knowledge, it is the only study to evaluate
in the same human subjects, relationships among measurements of areal BMD of the spine
and total hip by DXA, bone microstructure and strength assessed on transiliac bone biopsies
and HR-pQCT scans of the distal radius and tibia. These different technologies are used to
assess bone structure, both in clinical practice and in research, and it is important to
understand the differences in the information that they provide. The biological relevance of
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HR-pQCT to the central skeleton in the individual patient or for large scale clinical
application remains to be determined and will be best assessed as this tool continues to be
studied as a predictor of fracture risk. HRpQCT may also prove to be a useful tool to
understand structural effects of many metabolic bone disorders and therapeutic maneuvers
on the skeleton.

In conclusion, we observed relatively weak and largely non-predictive relationships between
transiliac biopsies and HR-pQCT scans, while relationships between HR-pQCT scans and
central DXA of the spine and hip were considerably stronger. These results raise several
issues that require further consideration. Among the assessment tools evaluated, it is not
clear which will ultimately prove to be the best predictor of bone strength and fracture risk
and thus which should be considered the gold standard. A much larger study addressing the
sensitivity and specificity of transiliac bone biopsy, DXA, HR-pQCT and uFE to
discriminate between subjects with and without fractures would be necessary to resolve this
issue. Although DXA is the most available and accessible technology, several investigators
have demonstrated that microarchitectural parameters measured by HR-pQCT offer
improved discrimination between groups of patients with and without fractures [3,5,32,48].
However, it is not clear whether the resolution of HR-pQCT is truly adequate to assess
trabecular structure, as it is also possible that the better fracture discrimination documented
with the Xtreme CT is really a function of more accurately assessing trabecular versus
cortical density. Moreover, the complete lack of any relationship between trabecular
thickness measured by any of the techniques brings into question the value of this particular
parameter. Finally, although 2D histomorphometry of transiliac biopsy samples is the oldest
technique, our results suggest it may not, in fact, be the most representative site to assess
trabecular bone structure and strength. Ultimately, the newly available 3D technologies may
require us to revisit the results of older studies that used classical 2D histomorphometry.

Mini-Abstract

We compared microarchitecture and mechanical competence parameters measured by
high resolution peripheral quantitative CT (HR-pQCT) and finite element analysis of
radius and tibia to those measured by histomorphometry, micro-CT and finite element
analysis of transiliac bone biopsies. Correlations were weak to moderate between
parameters measured on biopsies and scans.
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BV/TV: uCT vs. HRpQCT of the Radius
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Correlations (R) between trabecular parameters measured by uCT of biopsies and HR-pQCT

of the radius. A. BV/TV, B. Tbh.N., C. Th.Th., and D. Th.Sp. Square=premenopausal

controls with normal BMD, Triangle = premenopausal women with 10P; Circle = men and
women with hypoparathyroidism.

Osteoporos Int. Author manuscript; available in PMC 2011 February 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Cohen et al. Page 16

” |

. |

. |
Figure 2.

Images showing von Mises stress were generated using uFE based on pCT of biopsies
(A,C,E) and HR-pQCT (B,D,F) of the radius in a premenopausal woman with idiopathic
osteoporosis (A and B), a normal premenopausal control (C and D), and a patient with
hypoparathyroidism and unusually high bone density (E and F).
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Table 1
Mean values = SD for the analyzed variables

Variable Mean £ SD | Range

Age Age (yrs) 39.3+£95 22-65

Areal Bone Mineral Density by DXA

Lumbar Spine Absolute BMD (g/cm?) 1.067 +£0.19 | 0.745-1.535
T score 0.15+1.70 —-3.00 — 4.34

Total Hip Absolute BMD (g/cm?) 0.963+0.18 | 0.600 - 1.448
T score 0.11+1.42 —2.80 — 4.15

Transiliac Biopsies

2D Histomorphometry | BV/TV (%) 19.1+53 9.0-30.8
TbN (1/mm) 17+03 1.0-23
TbTh (um) 113 +23 77-195
ThSp (um) 503 + 135 317 - 955
Cortical Width (um) 835 + 269 406 - 1561

3D mCT BVITV (%) 21.4+7.11 10.6-41.3
TbN (1/mm) 1.7+0.3 11-27
TobTh (um) 164 + 38 10 - 253
ThSp (um) 681 + 83 498 - 908

HR-pQCT

Radius BVITV (%) 126+3.1 6.5-19.8
TbN (1/mm) 1.9+03 13-26
TbTh (um) 65+ 13 44-111
ThSp (um) 465 + 83 310 - 685
Cortical Density (mg HA/cm®) | 910 54 763 - 1018
Cortical Thickness (um) 825+ 176 520 - 1260

Tibia BVITV (%) 13.0+29 6.2-20.0
TbN (1/mm) 1.9+04 1.1-25
TbTh (um) 69 + 10 49-109
ThSp (um) 478 +112 329 - 834
Cortical Density (mg HA/cm3) | 903 + 46 788 - 997
Cortical Thickness (um) 1133+ 221 710 - 1670

Apparent Young’s Moduli (MPa)

HR-pQCT of Radius E;1 (medial-lateral) 335+ 182 75-778
E,, (anterior-posterior) 533 £ 314 56 - 1660
Eas (longitudinal) 1018 + 582 116 - 2664

HR-pQCT of Tibia E,1 (medial-lateral) 239 + 127 59 - 572
E,, (anterior-posterior) 345 + 188 118 - 941
Eas (longitudinal) 965 + 416 341-2198
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Variable

Mean = SD

Range

uCT of Biopsy

E (long axis of specimen)

660 + 485

79 - 2165
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Table 3

Page 20

Finite Element Analysis: Relationship (R) between apparent Young’s moduli (MPa) derived from uCT of
transiliac crest biopsies in the long axis of the specimens and those derived from HR-pQCT scans (in three

directions)
Finite Element Analysis | HR-pQCT | Transiliac | Transiliac
Radius Biopsy Biopsy
Vs Vs Vs
Tibia HR-pQCT | HR-pQCT
Radius Tibia
E,; (Medial-Lateral) 0.615¢€ 0.442 0 0.380 0
Ey, (Anterior-Posterior) 0.372D0 0.3322 0.181
Ea3 (Longitudinal) 0.380 0 0.372D0 0.115

8 <0.01
bs < 0.001

% < 0.0001
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