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Abstract—HR-pQCT enables in vivomulti-parametric assess-
ments of bone microstructure in the distal radius and distal
tibia. Conventional HR-pQCT image analysis approaches
summarize bone parameters into global scalars, discarding
relevant spatial information. In this work, we demonstrate the
feasibility and reliability of statistical parametric mapping
(SPM) techniques for HR-pQCT studies, which enable
population-based local comparisons of bone properties. We
present voxel-based morphometry (VBM) to assess trabecular
and cortical bone voxel-based features, and a surface-based
framework to assess cortical bone features both in cross-
sectional and longitudinal studies. In addition, we present
tensor-based morphometry (TBM) to assess trabecular and
cortical bone structural changes. The SPM techniques were
evaluated based on scan-rescan HR-pQCT acquisitions with
repositioning of the distal radius and distal tibia of 30
subjects. For VBM and surface-based SPM purposes, all
scans were spatially normalized to common radial and tibial
templates, while for TBM purposes, rescans (follow-up) were
spatially normalized to their corresponding scans (baseline).
VBM was evaluated based on maps of local bone volume
fraction (BV/TV), homogenized volumetric bone mineral
density (vBMD), and homogenized strain energy density
(SED) derived from micro-finite element analysis; while the
cortical bone framework was evaluated based on surface maps
of cortical bone thickness, vBMD, and SED. Voxel-wise and
vertex-wise comparisons of bone features were done between
the groups of baseline and follow-up scans. TBM was
evaluated based on mean square errors of determinants of
Jacobians at baseline bone voxels. In both anatomical sites,
voxel- and vertex-wise uni- andmulti-parametric comparisons

yielded non-significant differences, and TBM showed no
artefactual bone loss or apposition. The presented SPM
techniques demonstrated robust specificity thus warranting
their application in future clinical HR-pQCT studies.
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ABBREVIATIONS

HR-pQCT High-resolution peripheral quantitative
computed tomography

SPM Statistical parametric mapping
VBM Voxel-based morphometry
TBM Tensor-based morphometry
BV/TV Bone volume fraction
vBMD Volumetric bone mineral density
SED Strain energy density
lFEA Micro-finite element analysis
SIT Streamline integral thickness
DetJ Determinant of Jacobian
MDT Minimum deformation template

INTRODUCTION

High-resolution peripheral quantitative computed
tomography (HR-pQCT) enables a deeper under-
standing of the structural deterioration and patho-
physiological processes that accompany metabolic
bone disorders.16 This is because HR-pQCT offers
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unique multi-parametric capabilities for the in vivo
study of bone structure in the distal skeleton. HR-
pQCT allows three-dimensional (3D) in vivo imaging
of the distal radius and distal tibia and enables the
distinction between cortical and trabecular bone with a
minimal radiation dose. HR-pQCT allows the char-
acterization of bone based on features that quantify
density, geometry, architecture, and topology. Fur-
thermore, HR-pQCT provides the capability of esti-
mating mechanical features through the application of
micro-finite element analysis (lFEA).29 A substantial
amount of knowledge has been gained using HR-
pQCT in studies of aging, osteoporosis, treatment, and
other conditions affecting bones.12

In the conventional HR-pQCT image analysis
approach, the periosteal surface is automatically
delineated, and using semi-automatic or fully auto-
matic approaches the endocortical surface is defined
thus separating the cortical from the trabecular bone
compartment.2,23,48 Mean values of trabecular and
cortical bone features are then derived and analyzed
using different statistical techniques. Alternative
methods have divided the cortical and trabecular bone
compartments into concentric subregions, and these
into quadrants, with the aim of investigating regional
variations of bone structure, which are often obscured
using conventional global analysis approaches.21,28,38

However, both global and predefined subregional
approaches can obscure local patterns. Bone is a 3D
organ subject to a myriad of temporo-spatial hor-
monal, metabolic, and mechanical stimuli, which re-
sults in a continuous adaptation through remodeling.
Therefore, in addition to conventional global analyses,
which have provided substantial amount of knowledge
to date, 3D techniques that make no assumption about
the spatial characteristics of bone features and that
enable the investigation of how local bone quality
features synergistically contribute to bone strength,
have the potential to advance our understanding of the
underlying bone biology. Statistical parametric map-
ping (SPM)14 is a technique of this kind.

SPM belongs to the set of mathematical methods
known as Computational Anatomy. Anatomical
structures depicted in medical images are modeled as
3D curves, surfaces or maps, and computer algorithms
combine imagery from multiple subjects to perform
spatially resolved comparisons of tissue properties.
This enables population-based statistical analyses to be
performed on a local basis. Differences associated with
prognosis, progression, treatment, or other variables of
interest are evaluated point-by-point in an anatomi-
cally normalized space. This make it possible to visu-
alize group differences or longitudinal changes as
statistical maps.40 SPM is a data-driven approach to
localized image analysis that does not require predefi-

nition of regions of interest. SPM achieves these goals
through the spatial normalization39 of the investigated
structures, i.e. by removing, to the extent possible, the
natural anatomical variability in a population by
deforming each individual’s anatomy into a standard-
ized space.35

The purpose of this work is to demonstrate the
feasibility, and evaluate the reliability of using SPM
techniques to perform population-based local multi-
parametric comparisons of bone features with HR-
pQCT. In particular, we present voxel-based mor-
phometry (VBM)1 to assess trabecular and cortical
bone voxel-based features, and a surface-based
framework to assess cortical bone features both in
cross-sectional and longitudinal studies. In addition,
we present tensor-based morphometry (TBM)13 to
assess trabecular and cortical bone structural changes.
VBM was originally developed to perform voxel-wise
comparisons of the local concentration of brain gray
matter between two groups of subjects. However,
VBM has been extended to the voxel-wise comparisons
of local tissue properties between two different groups
of subjects, or the same group of subjects at different
time points. VBM enables the identification of voxels
where the tissue property being considered is signifi-
cantly associated with a variable of interest, e.g. where
volumetric bone mineral density (vBMD) is associated
with fracture. The adaptation of VBM to QCT studies
of vBMD has been previously reported in the litera-
ture.9,24–26 While QCT depicts the trabecular bone
compartment as a smooth field of vBMD values due to
partial volume effects, HR-pQCT depicts the individ-
ual trabeculae and marrow spaces, thus enabling the
incorporation of a richer set of bone features, but also
necessitating additional image preprocessing. The
framework presented here to perform surface-based
analyses of cortical bone features is quite similar to
that of Carballido-Gamio et al. for QCT,11 where tis-
sue properties are attached to the vertices of a trian-
gulated surface as multi-parametric feature vectors.
Similar approaches have been employed in studies of
knee cartilage using magnetic resonance imaging
(MRI)6–8 and in studies of cortical bone using
QCT.31–33,41–44,47 TBM is one of the most popular
deformation-based approaches for analyzing macro-
scopic anatomy. TBM investigates local differences in
shape by analyzing the nonlinear components of a
spatial normalization, which can be converted to
parametric maps representing volumetric changes on a
voxel-wise basis, thus enabling voxel-wise statistics as
in VBM. The adaptation of TBM to QCT studies of
bone structure has been previously reported in the
literature.10 The reliability of the presented SPM
techniques was evaluated based on scan-rescan HR-
pQCT acquisitions with repositioning of the distal
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radius and distal tibia of 30 subjects. VBM was eval-
uated based on three voxel-based features, the surface-
based analyses based on three cortical bone features,
and TBM based on one voxel-based feature.

MATERIALS AND METHODS

Subjects

Thirty healthy adult subjects were recruited to par-
ticipate in this study at Mayo Clinic. Exclusion criteria
were a history of metabolic bone disease, history of
fracture, and the presence of metal implants that would
interfere with imaging the peripheral or axial skeleton.
Informed consent was obtained from all participants
after explaining the nature of the study, and the study
was conducted in accordance to the regulations of the
participating institutions. Analyses were performed
based on de-identified data.

Imaging

Scan-rescan HR-pQCT acquisitions with reposi-
tioning of the distal radius and distal tibia were
obtained for each subject using the standard protocol
provided by the manufacturer (XtremeCT, Scanco
Medical AG, Brüttisellen, Switzerland). Briefly, the
extremity was immobilized in a carbon fiber cast and
fixed within the gantry of the scanner. An anteropos-
terior projection was obtained where the operator de-
fined a reference line. The scan location started 9.5 mm
proximal to the endplate in the radius, and 22.5 mm
proximal to the endplate in the tibia. Then a 9 mm
section (110 slices) was imaged for both anatomical
sites with an isotropic nominal voxel size of 82 lm
(source potential 60 kVP, tube current 900 lA, and
integration time 100 ms). The effective dose from
ionizing radiation was approximately 4.2 lSv per
acquisition. The linear attenuation values generated
from the 3D reconstructions were converted to equiv-
alent concentrations of hydroxyapatite (HA) mineral
densities using asynchronous calibration data derived
from a phantom provided by the manufacturer. Ima-
ges were inspected for motion-related artifacts based
on the manufacturer’s qualitative grading scheme,30

and subjects were rescanned if necessary. A single
operator determined the quality grading. Scans with
quality grading >3 were excluded.

Bone Segmentation

Bone was segmented from the HR-pQCT images
using the standard software provided by the manu-
facturer. The periosteal contours of the radius or tibia

were identified with an edge-finding algorithm,23 visu-
ally checked, and manually modified as necessary.
Then a Laplace–Hamming filter was applied and a
fixed threshold was used to extract the mineralized
portion of bone.

VBM

We adapted VBM to study voxel-wise multi-para-
metric features of bone in the distal radius and distal
tibia in HR-pQCT images. The feasibility and relia-
bility of VBM were evaluated with three parameters:
(1) bone volume fraction (BV/TV); (2) vBMD; and (3)
strain energy density (SED)3 derived from lFEA. In
order to obtain smooth parametric maps suitable for
population-based voxel-wise comparisons, local bone
volume fraction (BV/TV) maps were computed, and
vBMD and strain energy density (SED) maps were
homogenized.17,18 Computation of local BV/TV maps
and homogenization of vBMD and SED maps was
done with spherical kernels of two different sizes:
diameter (d) = 0.82 mm (10 voxels) and
d = 1.804 mm (22 voxels). Given the assumptions that
all radii (tibiae) have similar outer shapes, and that the
scans were obtained from similar anatomical locations,
registrations were computed to spatially normalized
individual scans to a common template based on bone
segmentations. Registrations included 3D multi-reso-
lution affine (9 degrees of freedom) and nonlinear
transformations,46 which were subsequently applied to
the local BV/TV as well as to the homogenized vBMD
and SED maps, thus bringing common anatomical
regions into correspondence for the whole population
of scans. In this work, the templates (one for the radius
and one for the tibia) were minimum deformation
templates (MDTs)19 representing the average size and
shape of the radii and tibiae of all the subjects in the
study.

SPM for Cortical Bone

The HR-pQCT framework for surface-based multi-
parametric analyses of cortical bone features follows a
very similar approach as that for QCT described in
detail by Carballido-Gamio et al.11 In this framework,
streamlines starting at the periosteal surface and end-
ing at the endosteal surface are computed and used to
encode features in a laminar manner and measure
cortical bone thickness incorporating partial volume
effects.

The cortical bone compartment was identified based
on an in-house implementation of a non-local fuzzy
c-means (NL-FCM) classification algorithm5,11 using
vBMD maps, bone segmentations, and distances to the
periosteal surface as features. Cortical bone thickness
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was calculated using the streamline integral thickness
(SIT) technique.11 Briefly, SIT is a surface-based
approach where streamlines that provide one-to-one
matching without crossings between the periosteal and
the endosteal surfaces are computed with the Laplace’s
equation approach.20 Then soft cortical bone classifi-
cations are integrated along the streamlines and as-
signed to the vertices of a triangulated surface.
Therefore, SIT incorporates porosity into the compu-
tations, while the lengths of the streamlines give an
apparent assessment of cortical bone thickness
(appCtTh). The soft cortical bone classifications were
obtained by applying a fuzzy s-shaped membership
function to all the intensities enclosed by the periosteal
surface. The parameters of the membership function
were calculated based only on vBMD values of voxels
within the cortical bone compartment. The soft corti-
cal bone classification assigned to each voxel a mem-
bership value that could range from 0—no cortical
bone—to 1—cortical-bone—indicating its likelihood
of belonging to the category of cortical bone.11,22

In order to encode cortical bone features in a lam-
inar way, each streamline was subdivided into seg-
ments of equal length and parameters were then
extracted for each layer as previously done by Car-
ballido-Gamio and Majumdar to encode laminar
magnetic resonance relaxation time values of knee
cartilage.6 The result of these steps was a triangulated
periosteal surface, where each vertex had a multi-

parametric feature vector associated to it encoding: (1)
SIT (porosity-weighted cortical bone thickness); (2)
laminar vBMD values; and (3) laminar SED values. In
addition, surface maps of appCtTh (length of stream-
lines) were also computed, and a surface-based repre-
sentation of cortical porosity was developed where
porosity was calculated as 1-SIT/appCtTh at each
vertex.

Triangulated periosteal surfaces of the MDTs (one
for the radius and one for the tibia) were then ex-
tracted, and individual parametric surfaces were spa-
tially normalized to the MDTs based on the VBM
transformations, thus effectively enabling the mapping
of cortical bone features to the template surfaces at
corresponding anatomic locations for uni- and multi-
parametric vertex-wise comparisons.

TBM

We adapted TBM for longitudinal studies aiming to
investigate local bone apposition and loss in the distal
radius and distal tibia using HR-pQCT. In this tech-
nique, local changes in shape are represented as para-
metric maps of local changes in volume. In the HR-
pQCT setting, this can be accomplished by rigidly
aligning the follow-up scan of a subject to its corre-
sponding baseline scan and then by applying nonlinear
registration to match both the outer shapes and the
internal bone structure. The determinants of the

FIGURE 1. Representative HR-pQCT cross-sections of the distal radius (a) and distal tibia (b) showing baseline scans and color
overlays of the baseline (cyan) and their corresponding follow-up (red) acquisitions before and after 3D rigid-body registration.
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Jacobians (DetJs) of the displacement fields encoding
the nonlinear registration represent the voxel-wise
changes in volume with respect to the baseline scan,
where: (1) DetJ = 1 indicates no volumetric change;
(2) DetJ> 1 represents bone apposition; (3) DetJ< 1
reflects bone loss; and (4) DetJ <=0 should not be
allowed by the nonlinear transformation because these
values indicate ‘‘folding’’ of the coordinate grid, i.e.
folding of the bone structures. In this work, we used
the scan and rescan acquisitions with repositioning as
the baseline and follow-up volumes, respectively. The
3D rigid transformations (6 degrees of freedom) were
computed with a multi-resolution intensity-based reg-
istration approach using normalized cross-correlation
(NCC) as the optimization metric. The nonlinear reg-

istrations were computed using intensity-based multi-
resolution diffeomorphic demons with the local cor-
relation coefficient (LCC)4 as the optimization metric.
The diffeomorphic characteristic of this algorithm
prevents folding during the nonlinear registration.
Then parametric maps of changes of volume were
computed for each bone voxel in the baseline scan
(DetJs).

Validation of the TBM pipeline was also performed
in silico using a randomly selected scan of the distal
radius. In order to assess the accuracy of the technique,
the scan was shifted in three different directions by
different amounts: (1) right (0.082 mm = 1 voxel), (2)
left-inferior (0.164–0.164 mm), and (3) anterior
(0.246 mm). Then only the nonlinear registration com-

FIGURE 2. Representative HR-pQCT cross-sections of voxel-based vBMD (a); homogenized vBMD (d 5 22 voxels) (b); local BV/
TV (d 5 22 voxels) (c); and homogenized SED (d 5 22 voxels) (d) maps of the distal radius for the baseline scan, and the baseline
and follow-up scans after spatial normalization to the MDT.
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FIGURE 3. Representative HR-pQCT cross-sections of voxel-based vBMD (a); homogenized vBMD (d 5 22 voxels) (b); local BV/
TV (d 5 22 voxels) (c); and homogenized SED (d 5 22 voxels) (d) maps of the distal tibia for the baseline scan, and the baseline
and follow-up scans after spatial normalization to the MDT.
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ponent was applied to correct for these translations. The
objective of these shifts was twofold: (1) to assess the
capability of the nonlinear registration to correct for the
actual shifts; and (2) to evaluate the DetJs when there
were no bone changes. In addition, bone apposition and
resorption were simulated along three different direc-
tions using gray-level image dilation and erosion,
respectively. Bone apposition was simulated in the fol-
lowing directions: (1) anterior, (2) left, and (3) anterior-
inferior; while bone loss was simulated in the following
directions: (1) superior, (2) left, and (3) left-superior.
Then only the nonlinear registration component was
applied to correct for these volumetric changes. Al-
though the simulations did not model entirely realistic
biological changes, the goal was to demonstrate that
TBM also enables the voxel-wise quantification of the
anisotropy of the volumetric changes. This was
accomplished by decomposing the local volumetric

changes encoded in the displacement fields into its
magnitude and main direction of deformation using the
deformation direction vector as previously described by
Rajagopalan et al.34 Homogenization of TBM maps
reflecting local changes in volume would effectively
enable population-based local comparisons. Similarly,
population-based local comparisons of anisotropy can
be performed with specialized techniques such as those
based on the bipolar Watson distribution.37

Statistical Analysis

Maps of corrected P values derived from voxel-wise
and vertex-wise scan-rescan comparisons were used to
assess the reliability of VBM and surface-based SPM,
respectively. Uni-parametric and multi-parametric
comparisons were performed with paired t-tests and
Hotelling’s T2 statistics for dependent samples,

FIGURE 4. Representative HR-pQCT surface-based parametric maps of appCtTh (a); SIT (b); SED (c); and porosity (d) of the distal
radius for the baseline scan, and the baseline and follow-up scans after spatial normalization to the MDT.
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respectively. The paired Hotelling’s T2 statistic is given
by:

T2 ¼ n�f0S�1
f
�f ð1Þ

where n is the number of subjects, �f represents the
mean vector of the vectors representing the paired
multi-parametric differences, and Sf denotes the vari-
ance–covariance matrix of the vectors representing the
paired multi-parametric differences. The Hotelling’s T2

was then transformed to an F-statistic with n and
n 2 p (p = number of parameters) degrees of freedom
as in Eq. (2):

F ¼ n� p

pðn� 1ÞT
2 ð2Þ

P values were corrected for multiple comparisons
using the false discovery rate correction algorithm15

(FDR; q = 0.05). The voxel-wise comparisons were
done for local BV/TV, and homogenized vBMD and

SED individually (uni-parametric) or as a group of
features (multi-parametric). The surface-based com-
parisons were done for SIT, mean cortical laminar
vBMD, and mean cortical laminar SED individually
(uni-parametric) or as a group of features (multi-
parametric).

For TBM, mean square errors (MSE) of the DetJs
were calculated for the baseline bone voxels to assess
its reliability. In an ideal situation, after 3D rigid-body
registration, the nonlinear component of a scan-rescan
registration should yield no volumetric changes, i.e.
DetJ = 1 for every baseline bone voxel. However, due
to noise, partial volume effects, movement, and other
factors, there is no perfect match between scan-rescan
acquisitions even after 3D rigid alignment. TBM was
evaluated only within the overlapping volumes of the
scan-rescan acquisitions calculated based on 3D rigid-
body registrations. The accuracy of TBM was also
evaluated based on MSE for the three shifts, while the

FIGURE 5. Representative HR-pQCT surface-based parametric maps of appCtTh (a); SIT (b); SED (c); and porosity (d) of the distal
tibia for the baseline scan, and the baseline and follow-up scans after spatial normalization to the MDT.
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anisotropy was validated visually using color maps
encoding directionality.

RESULTS

Three pairs of scans of the distal radius were ex-
cluded based on their quality grading (>3) in either
the baseline or the follow-up scan, thus leaving a total
of 27 pairs for the radius (mean ± std age = 71.4 ±

4.3 years; 14 females) and 30 pairs for the tibia
(mean ± std age = 71.5 ± 4.4 years; 16 females).
Cross-sections of representative 3D rigid-body regis-
trations for the radius and tibia are shown in Fig. 1.

Figure 2 shows representative radial scan-rescan
cross-sectional examples of local BV/TV and homog-
enized vBMD and SED parametric maps after being
spatially normalized to the MDT, while Fig. 3 shows
similar examples for the tibia. Spatially normalized
scan-rescan surface-based parametric maps of
appCtTh, SIT, SED and porosity are shown in Figs. 4
and 5 for the radius and tibia, respectively. Figures 6
and 7 show laminar vBMD maps for the periosteal,
mid-cortical and endosteal layers also after spatial
normalization of the baseline and follow-up acquisi-

tions to the MDTs for the radius and tibia, respec-
tively.

The uni-parametric and multi-parametric voxel-wise
and vertex-wise comparisons yielded non-significant
differences thus indicating that the scan-rescan para-
metric maps were not significantly different from each
other at the local level showing the reliability of VBM
and surface-based SPM.

The means of the DetJs of the baseline bone voxels
of the radii and tibiae were 1.010 and 1.006, while the
MSEs were 0.021 and 0.016, respectively. Regarding
the accuracy of the technique, the mean of the DetJs
from the three shifts of the randomly selected distal
radius was 1.001, while the MSE was 0.002. Fig-
ures 8a–8f show the example where the distal radius
was shifted diagonally. Figures 8a and 8b show the
difference of the scans before and after registration,
respectively, while in Fig. 8c a chess-board image cre-
ated with alternating blocks (5 voxels 9 5 voxels) of
the still and registered images is shown. Axial, coronal,
and sagittal cross-sections of the map of DetJs for this
example are also shown with color-coding in Figs. 8d,
8e, and 8f, respectively. In terms of the quantification
of the anisotropy of the simulations of bone apposition
and loss, Figs. 8g–8l show maps where the main

FIGURE 6. Representative HR-pQCT surface-based parametric maps showing vBMD at the periosteal (a); mid-cortical (b); and
endocortical (c) layers of the distal radius for the baseline scan, and the baseline and follow-up scans after spatial normalization to
the MDT.
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direction of the deformation was color-coded for each
one of the simulations.

DISCUSSION

HR-pQCT has emerged as a unique medical imag-
ing technique capable of acquiring high-spatial reso-
lution images of the distal radius and distal tibia, thus
enabling multi-parametric assessments of bone
microstructure. Conventional bone quantification with
HR-pQCT—based on global analyses—has yielded a
substantial amount of knowledge. Here, we presented
the feasibility and reliability of voxel-based and sur-
face-based SPM approaches for HR-pQCT studies
with the aim of providing techniques to further
understand bone mechanisms in specific populations.
The capability of extracting out of TBM the main
directionality of local volumetric changes in bone, i.e.
the anisotropy, was also demonstrated. This set of
techniques provides a data-driven approach to identify
biologically relevant regions in the peripheral skeleton
and local bone quality features that distinguish clinical
populations. In combination with micro-finite element
analysis these tools have the potential to provide un-
ique insight into the local associations of bone features

and their synergistic effect on bone strength helping to
elucidate the underlying bone biology.

The main rationale for use of SPM in HR-pQCT
studies of skeletal health is the identification of regions
where one or more bone features are associated with a
clinical variable of interest, e.g. fracture status.
Therefore, it is crucial to avoid false positive associa-
tions. For this reason it is critical to demonstrate the
reliability of voxel-based and surface-based SPM
approaches. In this study, scan-rescan images were
considered as baseline and follow-up acquisitions,
respectively, and were subject to the whole image
processing and statistical pipeline. Therefore, we were
testing the assumption that pairwise comparisons of
spatially normalized scan-rescan parametric maps
should not yield significant local differences. Because
these techniques could be applied to both uni-para-
metric and multi-parametric voxel- and vertex-wise
comparisons of bone features, we evaluated the relia-
bility of both. No significant voxel-wise and vertex-
wise differences were observed between scan-rescan
groups, indicating robust specificity. Figures 2–7
illustrate two important performance characteristics of
the SPM processing pipeline: 1) lack of distortion of
parametric maps after spatial normalization to the
MDTs; and 2) clear reproducibility of patterns in the

FIGURE 7. Representative HR-pQCT surface-based parametric maps showing vBMD at the periosteal (a); mid-cortical (b); and
endocortical (c) layers of the distal tibia for the baseline scan, and the baseline and follow-up scans after spatial normalization to
the MDT.
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parametric maps between baseline and follow-up
acquisitions. Another important characteristic to be
noted is the laminar variation of vBMD seen in Figs. 6
and 7. This laminar encoding of cortical bone param-
eters could be particularly relevant in studies such as
those looking into the different laminar distribution of
cortical porosity between populations, signatures of
unique biological processes.28

The TBM analyses demonstrated three important
performance characteristics of the processing pipeline.
First, TBM is reliable because very low MSEs of DetJs
were obtained in scan-rescan assessments, where volu-
metric changes are known to be zero, indicating that the
pipeline does not introduce artifactual bone apposition
or loss. Second, TBM is accurate becauseMSEs ofDetJs
were effectively zero in the displacement tests. Third,
TBM provides the capability of quantifying and visu-
alizing local anisotropy as demonstrated with the sim-
ulations of bone apposition and loss, where the main

directions of the deformations were in agreement with
the directions of the simulations. This property could be
particularly relevant for studies of bone intervention.
Although there are existing local bone anisotropy mea-
sures, they are limited to trabecular bone and to single
time events.36,45 Therefore, the three characteristics of
TBM make it a suitable technique for the longitudinal
assessments of bone loss and bone apposition. The fact
that TBM yields voxel-wise parametric maps reflecting
local bone volume changes and anisotropy, indicates
that population studies can be performed as in VBM
where both the magnitude and the main direction of
deformation can be compared on a voxel-by-voxel basis.
The combination of VBM applied to baseline bone fea-
tures, longitudinal maps of structural changes based on
TBM, strain maps derived by lFEA, and overall esti-
mates of bone strength has the potential to provide
highly relevant insight into the local biological processes
that drive skeletal health outcomes.

FIGURE 8. Representative example showing the accuracy of TBM (a–f): (a) difference of still and translated images before
nonlinear registration; (b) difference of still and translated images after nonlinear registration; (c) chess-board image created with
alternating blocks of the still and translated images after nonlinear registration; and color-coded axial (d); coronal (e); and sagittal
(f) cross-sections of the map of DetJs. Maps of a distal radius showing the anisotropy captured by TBM based on independent
gray-level simulations of bone apposition and loss along different directions (g–l): (g) anterior bone apposition; (h) left bone
apposition; (i) anterior-inferior bone apposition; (j) superior bone loss; (k) left bone loss; and (l) left-superior bone loss.
A 5 anterior; P 5 posterior; L 5 left; R 5 right; I 5 inferior; and S 5 superior.
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The main limitation of this study is that the clinical
utility of SPMwas not demonstrated. However, as it was
previously indicated, the main goal of this study was to
validate SPM techniques for future HR-pQCT studies.
Based on previous publications that have established the
ability of voxel-based and surface-based SPM to differ-
entiate clinical outcomes in population studies of the
proximal femur with QCT, we are confident that this set
of techniques will also become a valuable tool to further
understand the underlying bone biology and potentially
help the prediction of outcomes in specific populations in
HR-pQCT studies. Although in this validationwork, our
SPM analyses were limited to a small number of local
bone features, it should be noted that common HR-
pQCT analysis procedures yield a large number of local
feature maps based on morphometric, topologic, lFEA,
and other techniques. All of these feature maps have the
potential tobe incorporated intouni-parametric ormulti-
parametric SPM analyses. Furthermore, the improved
resolution performance of the second generation HR-
pQCT scanner has increased the number of direct 3D
measures of bone structure, including 3D trabecular
thickness and separation,27 adding new features that can
be investigated locally by SPM in the future.

In conclusion, we have presented and validated
voxel-based and surface-based SPM techniques for
uni-parametric and multi-parametric analyses of HR-
pQCT studies of the distal radius and distal tibia. This
set of methods will enable localized comparisons of
bone features at the population level in cross-sectional
and longitudinal studies. The tools presented here were
reliable thus warranting their application in future
clinical studies that utilize HR-pQCT to evaluate
skeletal health including those of fracture, osteoporosis
treatment, gender, and age.
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