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Definition of identical regions between repeated computed tomography (CT) scans is a key factor to monitor
changes in bone microarchitecture. In longitudinal studies, accurate determination of the volume of interest
(VOI), using three dimensional (3D) registration may improve precision. Therefore, the aim of our study was
to investigate the short-term reproducibility of bone geometry, density, microstructure and biomechanical
parameters assessed by HR-pQCT and micro-finite element (μFE) derived analyses, using the cross-sectional
area (CSA) registration method in comparison with the use of 3D registration, to find overlapping regions
between scans.
Fifteen healthy individuals (aged 21–47 years) underwent 3 separate scans at the distal radius and tibia, within a
one-month interval. Reproducibility was assessed after double contouring the cortical compartment and after
applying three different methods to determine the common region between repeated scans: (i) the VOI was de-
termined with no registration, i.e., on 110 slices, (ii) the VOI was determined after CSA-based registration, and
(iii) the VOI was determined after 3D registration.
Both pre- and post-registration short-term reproducibility for each subjectwas determined.With no registration,
CVrms of geometry parameters ranged from 0.5 to 3.7%, showing a slight variation in the CSA between scans.
When the CSA registrationmethodwas employed, the variability of geometry (CVrms b 1.8%) and density param-
eters (CVrms b 1.8%), was better than that obtained without registration. By removing the effect of repositioning,
the 3D registration further improved the reproducibility of cortical bone measurements compared to other
methods. Indeed, significant improvements were found for cortical geometry andmicrostructuremeasurements
(CVrms ranged from 0.4% to 10.7% at both sites; p b 0.05), whereas the impact on trabecular bonemeasurements
was restricted to its geometry parameter. The repositioning errorwas significantly reduced,mostmarkedly at the
radius compared to the tibia.
For μFE measures, the impact of 3D registration on whole bone stiffness was negligible, indicating adequate
assessment of longitudinal changes in estimated biomechanical properties, even without registration.
In conclusion,wehave shown that the 3D registration improved the identification of the common region retained
for longitudinal analysis, contributing to improve the reproducibility of cortical bone parameter measurements.
We also quantified the minimally detectable bone changes to help designing future studies with HR-pQCT.

© 2014 Elsevier Inc. All rights reserved.
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With the development of high-resolution peripheral quantitative
computed tomography (HR-pQCT), a direct quantification of three
important determinants of bone quality: microarchitecture, mineraliza-
tion and biomechanical properties has become possible. This technique
enables in vivo measurements at peripheral sites such as the distal
radius and tibia, with a nominal isotropic voxel size of 82 μm. Bone
microarchitecture parameters measured by HR-pQCT have been found
to be associated with prevalent fracture in postmenopausal women
and older men independently of areal bone mineral density (aBMD)
[1–5]. Bone strength, estimated using micro-finite element analysis
(μFEA), was also associated with prevalent fracture [6–14]. Moreover,
HR-pQCT has been used to assess age-related bone loss [15–19] and
to monitor variations in microarchitecture parameters during osteopo-
rosis treatments [20–26].

The reproducibility of in vivomeasurements is affected by significant
sources of error including: poor calibration, movement artifacts, physi-
cal positioning, and scanning region selection for maximizing repeated
measurements. By providing careful instructions to the subject, it is pos-
sible to improve reproducibility via reduction of movement artifacts,
however the repositioning remains challenging.

With the standard scanning approach, immobilization of the arm or
leg in an anatomically formed carbon fiber shell is used to provide sup-
port during the examination, and a reference line relative to anatomical
landmarks is used to select the scanning region. Nevertheless, the repo-
sitioning of the limb in the exact same way remains a manual process
with limited precision, and subsequently differences in scanning region
exist between baseline and follow-up scans.

To overcome part of the repositioning error, a cross-sectional area
(CSA) registration method was embedded within the HR-pQCT software
(Image Processing Language, v5.16, Scanco Medical AG, Brüttisellen,
Switzerland). This method was designed to correct axial misplacement
between successive scans but did not take into account possible tilt of
the limb. Given the dimensions of the scan region, even small tilt angles
can lead to a considerable mismatch in the selected region. Only a three
dimensional (3D) image registration process could provide an accurate
alignment of the repeated scans, and thus may offer an improvement in
the reproducibility of bone measurements by decreasing the reposi-
tioning error.

Indeed, Macneil et al. have reported an improved reproducibility
with 3D registration based on gray-level images, most markedly
for total and cortical volumetric BMD but not for trabecular morpho-
logical parameters [27]. Shi et al. introduced a 3D registration meth-
od based on registered masks after down-sampling gray-level
images and demonstrated that bone density and trabecular architec-
ture were comparable with those obtained using the CSA registration
method [28].

So far, however, no study has reported the impact of 3D registra-
tion on the reproducibility of cortical microstructural parameters,
which may be affected by small tilt errors more than the trabecular
bone parameters. Also, none of these earlier studies investigated
whether 3D registration could improve the reproducibility of the
biomechanical parameters. Finally, the different studies conducted
so far used different registration software and algorithms. Recently,
a 3D registration algorithmhas become available as part of the standard
HR-pQCT software, which makes this available to all users. To date,
no results were reported with regard to the reproducibility of this algo-
rithm and implementation and validation relative to other studies was
lacking.

The aim of our study was to apply a fully automated 3D registration
process between repeated measurements to determine whether short-
term reproducibility of bone microarchitectural and biomechanical pa-
rameters could be improved compared to using non-registered images
and using the standard CSA-based registration method, at the radius
and tibia.
Materials & methods

Subjects

In vivomeasurements were performed in 15 healthy subjects (aged
21–47 years), with no history of previous fracture, or bone-related
ailments (recorded by a questionnaire). All of them were scanned
three times within one month at both the non-dominant radius and
tibia [29]. The time lag between two measurements varied between
the same day, after complete repositioning, and a week. All measure-
ments were performed by a single operator, who had been managing
the system for one year.

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

Data acquisition

The HR-pQCT device (XtremeCT; Scanco Medical AG, Brüttisellen,
Switzerland) acquires 110 parallel CT slices representing approximately
9 mm in the axial direction at the radius and the tibia with a nominal
voxel size of 82 μm (spatial resolution 105 μm (10% MTF)).

An antero-posterior scout viewwas used to define themeasurement
region bymanually placing a reference line at the endplate of each skel-
etal site. As specified by the manufacturer, the first CT slice was 9.5 mm
and 22.5 mm proximal to the reference line for the radius and tibia,
respectively [1]. The baseline scout view was displayed on the screen
at each follow-up measurement for visual comparison.

Image quality

Image quality was independently graded by two trained observers
(RE and SB), according to the manufacturer-suggested image grading
system. Five different grades were defined from grade 1 (no visible
motion artifacts) to grade 5 (severe motion artifacts). Major criteria
for degraded quality due to motion were based on presence and extent
of horizontal streaking, disruption of cortical contiguity and trabecular
smearing [30].

Image registration

Three different methods were used to compare follow-up measure-
ments: (i) without registration, i.e., on 110 slices per measurements,
(ii) on the common region after CSA-based registration, and (iii) on the
common region after 3D registration.

The 3D rigid registration method used (Image Processing
Language, V5.16, Scanco Medical AG, Brüttisellen, Switzerland)
[31,32] was applied to the gray level images (110 slices), where
the second and the third images were registered separately to the
first one (reference image). The registration was applied only to
the volume within the periosteal contours as determined using the
standard workflow by an edge detection algorithm. In this way
noise or any other structures outside the bone did not affect the results.
No filtering or segmentation operations were performed on these VOIs
before registration.

The registration was done in two steps: in the first step the center of
mass of both images are aligned. In the second step, the actual 3D rigid
registrationwas performed first after reducing the resolution by a factor
10, then by a factor 4 andfinally using the full resolution images. The use
of these different resolution steps avoids registration errors and speeds
up the process. A Simplex algorithm was selected to find the transfor-
mation that optimizes the correlation coefficient between both images
and linear interpolation was used for the transformation since it was
found that cubic interpolation only led to minor improvements while
considerably increasing cpu time (which was now on the order of
minutes for the whole procedure).
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The 3D registration provides a 4 × 4 transformation matrix that
contains rigid body rotations and translations needed to transform the
follow-up image to the baseline image.

The overlap between the masks of the baseline and transformed
follow-up images represent the largest common volume. For all mor-
phology and density analyses, the transformed images were not used
for the actual measurements. Instead, the mask of the common region
was transformed back in the frame of the follow-up images. The actual
morphology/density analyses were then done on the non-transformed
follow-up images, processed according to the standard procedure, on
the previously defined common region (Fig. 1), so that errors associated
with interpolating original images were not introduced [33].

For the FE-analyses, this approach could not be used since the largest
common volume generated in thisway generallywill not haveflat distal
and proximal ends which are required for FE analyses. For these analy-
ses, the transformed gray-level follow-up images were used. In this
case, the baseline images and the transformed follow-up images were
processed following the standard procedure recommended by theman-
ufacturer. The largest common volume mask was then cropped on its
distal and proximal end until flat ends were obtained and applied as a
mask to select the region for FE analyses in the baseline and transformed
follow-up images.

3D registration accuracy

The accuracy of this 3D registration approach has not been previous-
ly reported on HR-pQCT images, but the algorithm has been previously
used on ex vivo samples scanned at different resolutions [31] and
on in vivo μCT images of rats with an isotropic resolution of 15 μm
and gave satisfying results [32]. Our first validation stepwas to carefully
visually check the registration result by overlying segmented baseline
and transformed follow-up images into one image and color-code the
result [34] for all patients. The quality of the registration was further
Acquisition

Translations , Rotations

M2

Inverse Rigid
Body Transform

Translations , Rotations

M1

A

B

C

Fig. 1. Overview of the proposed method based on 3D image registration to find the common
(intersection) represented by a final mask was extracted and analyzed in all the three origina
and rotational components.
quantified by the final value of the correlation coefficient between
images.

Moreover, we have estimated the accuracy of our approach by
comparing a subset of 10 original and transformed HR-pQCT in vivo
images (5 radii and 5 tibia). The applied transformation consisted of
a rotation of 5° and a translation of 1 mm in the x- and y-axes. The
3D registration process was then applied between the original and
the transformed images. The common VOI was thereafter applied to
the original image and results between common VOI and full original
VOI were compared.

Density and morphological measurements

For density and morphological measurements, the evaluations were
performed on the three previously determined volumes of interest
(VOIs) where radius and tibia were separated into cortical and trabecu-
lar bone using a semi-automated double contouring method [35]. The
parameters evaluated were divided into 4 groups. In the first group,
were geometry parameters: total volume (Tt.TV, mm3), cortical volume
(Ct.TV, mm3), trabecular volume (Tb.TV, mm3) and mean cortical
thickness (Ct.Th, mm). In the second group were volumetric density
parameters: total density (Tt.vBMD, mg/cm3), trabecular density
(Tb.vBMD, mg/cm3), cortical density (Ct.vBMD, mg/cm3) and cortical
tissue mineral density (Ct.TMD, mg/cm3). In the third group were
trabecular structural parameters: trabecular number (Tb.N,mm−1), tra-
becular separation (Tb.Sp, μm), trabecular distribution (Tb.Sp.SD, μm)
and trabecular thickness (Tb.Th, μm). Tb.Sp and Tb.Th were calculated
using standard methods from histomorphometry (i.e., Tb.Th = (BV /
TV) / Tb.N and Tb.Sp = (1 − BV / TV) / Tb.N; with BV / TV = 100 ×
Tb.vBMD / 1200) [1], as well as directly measured (Tb.Sp* and Tb.Th*)
[36]. The final group consisted of cortical structural parameters. Cortical
porosity was quantified by two ways: total cortical porosity and
intracortical porosity [35,37–39].
Final mask

Intersection

region between scans at baseline (A), 1 week (B), and 2 weeks (C). The common region
l images to improve reproducibility. The rigid body transform includes both translational



A

B

Fig. 2. Typical overlay images of two repeated measurements of the tibia after segmenta-
tion. White pixels represent common bone pixels; green/red colored pixels are present
in one of both images only. A. 10-voxel thick cross-section through the center of the
image. B. Cut parallel to the longitudinal axis showing some angular deviation between
two scans.
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The total cortical porosity (Ct.Po, %) was calculated as 1− BV / TV of
the cortical bone compartment, including endosteal and periosteal
voids, transcortical erosions and objects with a volume less than
0.003 mm3 (5 voxels) which likely represent spurious artefactual fea-
tures rather than a true Haversion canal [35,37–39]. The intracortical
porosity (intraCt.Po, %), represents the porosity due toHaversian canals,
and did not include all the previously mentioned features [35,37–39].
Finally, the intracortical pore volume (intraCt.Po.V, mm3) and the
mean and distribution of the intracortical pore diameter (respectively
intraCt.Po.Dm and intraCt.Po.Dm.SD, μm), were measured using direct
methods [35,36].

Finite element analysis (FEA)

μFEA was performed on the entire stack (without registration), on
the CSA-based common volume and on the 3D based registered VOIs.
For the first two cases, thresholded images as obtained from the stan-
dard analysis procedure were used. As described previously, for the
μFEA based on 3D registration, the original gray-level images were
transformed to fit the frame of the baseline image, and were then
segmented and cropped at the proximal and distal ends to obtain flat
surfaces. Bone voxels in the segmented images were further converted
into equally sized brick elements [40] and material properties were
assumed to be isotropic and linear elastic, with a Young's modulus of
20GPa and 17 GPa for cortical and trabecular bone elements respective-
ly [41], andwith a Poisson's ratio of 0.3 for all elements. Applied bound-
ary conditions represented high-friction compression tests in the axial
direction [10,11,14].

In addition to stiffness (kN/mm), μFEA-derived variables used in
our study also included the average and SD values of the von Mises
stress in the trabecular and cortical bone (Tb av stress and Ct av stress;
Tb SD stress and Ct SD stress, all in MPa) and the percentage of
load carried by the distal and proximal trabecular and cortical bone
surface (% Tb distal, % Tb proximal, % Ct distal and % Ct proximal load
respectively).

Statistical analysis

For each subject, a coefficient of variation (CV) was calculated as the
standard deviation (SD) of the three repeated measurements, divided
by the subject mean [29]. The short-term reproducibility of bone
microarchitecture measurements and μFEA-derived variables was
calculated as the root mean square coefficient of variation (CVrms),
for each of the three registration methods [29] and the least significant
detectable change (LSC) was calculated as follows [42]:

LSC unitsð Þ ¼ CVrms %ð Þ � 2:77� average parameter unitsð Þ:

Differences in reproducibility between methods were evaluated by
an analysis of variance followed by post-hoc analysis (Scheffe test) for
pair-wise comparisons. Differences between reproducibility measured
at the radius and tibia were evaluated using Student's t-test.

Intraclass correlation coefficients (ICC) were also calculated, as
described by Shrout and Fleiss [43] and varies between 0 and 1, with 1
indicating perfect reproducibility.

ICC ¼ F0−1
F0þ n−1ð Þ :

F0 is the ratio of between-subject mean squares over the residual
within-subject mean squares and n is the number of repetitions
(current study n = 3).

All statistical analyses were performed on STATA 12.0 software
(Stata, College Station, TX, USA).
Results

Image quality

Among the 90measurements, only one scan (grade 4)was excluded
and repeated on the same day. The image quality ranged from grade 1
to grade 3 (grade 1: n = 10 / 25, grade 2: n = 22 / 17, and grade 3:
n = 13 / 3, for the radius/tibia respectively).
3D registration accuracy

The 3D registration process was applied on a subset of 10 original
and transformed images. The common VOI was thereafter applied to
the original image with a mean overlap of 99.8% at the radius and
99.9% at the tibia compared to baseline VOI. Results between common
VOI and full original VOI showed differences in total volume and
vBMD lower than 0.2%. Trabecular parameters were not affected and
small differences were observed for cortical parameters (difference in
CT.TV: 0.9 ± 0.1% at the radius and 0.4± 0.7% at the tibia). These differ-
ences were mostly due to the fact that the common volume is slightly
smaller than the originalmask, leaving differences in the analysis region
at themask surfaces. This affects in particular the calculation of the Ct.Po
since its value is dependent on the precise definition of the periosteal
boundary. Indeed, Ct.Po including endosteal and periosteal voidswas af-
fected by the process (7.3± 3.9% and 4.2± 5.4% at the radius and tibia)
while intraCt.Po was not (0.0 ± 0.0% at both sites).



Table 1
Geometry, density and microstructural parameters (mean ± SD) at the radius and tibia without registration, after CSA-based and 3D registration.

Common region Radius Tibia

No registration CSA registration 3D registration No registration CSA registration 3D registration

100% 93.6% 91.8% 100% 96.6% 94.0%

Geometry
Tt.TV [mm3] 2241 ± 407 2080 ± 380 2056 ± 374 5661 ± 856 5476 ± 827 5323 ± 826
Ct.TV [mm3] 499 ± 72 460 ± 63 475 ± 68 1004 ± 124 971 ± 113 950 ± 115
Tb.TV [mm3] 1742 ± 393 1613 ± 373 1580 ± 369 4658 ± 791 4505 ± 770 4373 ± 760
Ct.Th [mm] 0.90 ± 0.14 0.89 ± 0.15 0.89 ± 0.15 1.19 ± 0.13 1.17 ± 0.13 1.18 ± 0.12

Density
Tt.vBMD [mg/cm3] 334 ± 54 336 ± 56 335 ± 58 318 ± 38 318 ± 38 316 ± 38
Ct.vBMD [mg/cm3] 995 ± 35 996 ± 37 994 ± 38 985 ± 32 985 ± 32 984 ± 31
Ct.TMD [mg/cm3] 1003 ± 36 1004 ± 37 1003 ± 38 1015 ± 25 1015 ± 25 1014 ± 25
Tb.vBMD [mg/cm3] 174 ± 27 174 ± 26 171 ± 26 191 ± 30 191 ± 30 189 ± 30

Trabecular structure
Tb.N [mm−1] 1.82 ± 0.18 1.84 ± 0.18 1.83 ± 0.18 1.73 ± 0.23 1.74 ± 0.23 1.74 ± 0.23
Tb.Th* [μm] 200 ± 10 200 ± 10 200 ± 10 220 ± 10 220 ± 10 220 ± 10
Tb.Th [μm] 80 ± 10 80 ± 10 80 ± 10 90 ± 10 90 ± 10 90 ± 10
Tb.Sp* [μm] 520 ± 60 510 ± 60 520 ± 60 550 ± 90 550 ± 90 550 ± 90
Tb.Sp [μm] 470 ± 60 470 ± 60 470 ± 60 490 ± 70 490 ± 70 490 ± 70
Tb.Sp.SD [μm] 190 ± 30 190 ± 30 190 ± 30 220 ± 50 220 ± 50 220 ± 50

Cortical structure
Ct.Po [%] 3.90 ± 0.87 3.78 ± 0.86 5.55 ± 1.18 5.39 ± 1.63 5.35 ± 1.64 6.20 ± 1.38
intraCt.Po [%] 0.55 ± 0.26 0.52 ± 0.25 0.63 ± 0.28 2.24 ± 1.13 2.24 ± 1.16 2.30 ± 0.93
intraCt.Po.V [mm3] 2.7 ± 1.3 2.4 ± 1.2 2.9 ± 1.2 21.6 ± 11.2 20.9 ± 10.9 20.6 ± 8.0
intraCt.Po.Dm [μm] 164 ± 22 161 ± 19 161 ± 17 185 ± 25 183 ± 25 183 ± 26
intraCt.Po.Dm.SD [μm] 66 ± 17 64 ± 14 65 ± 12 81 ± 19 80 ± 19 80 ± 21
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For the reproducibility study, we obtained a good visual (Fig. 2) and
quantitative agreement (correlation coefficient r N 0.92) for all 3D
registrations.

Descriptive analysis

The mean values for geometry, density, microstructure and biome-
chanical parameters at the radius and tibia, with and without registra-
tion techniques are presented in Tables 1 and 2. The reproducibility
(CVrms) and the LSCs are presented respectively in Tables 3 and 4.
Then, the ICCs values are presented in Tables 5 and 6.

The reproducibility analysis performed on the entire VOI, i.e. with
no registration technique, showed that the ICCs values for geometry
measures ranged from 0.953 to 0.983 at the radius and from 0.980 to
0.998 at the tibia (Table 5). However the ICCs of cortical structure pa-
rameters were much lower (0.633 to 0.926) (Table 5). Reproducibility
of μFEA variables showed that the LSCs of stiffness were equal to 13
and 24 kN/mm at the radius and tibia site respectively, and ranged
from 0.2 to 0.6 MPa for stresses (average and SD) (Table 4).

With the CSA based registration, the percentage of the common re-
gion retained for analysis between baseline and follow-up scans was
93.6% at the radius and 96.6% at the tibia (Tables 1 & 3).

The application of the CSA registration method resulted in ICCs

higher than 0.976 for geometry parameters at both sites (Table 5). For
Table 2
Biomechanical parameters (mean ± SD) assessed by μFEA at the radius and tibia without regi

Common region Radius

No registration CSA registration 3D regis

100% 93.6% 88.4%

Stiffness [kN/mm] 133 ± 20 144 ± 24 154 ±
Tb av stress [MPa] 6.1 ± 0.4 6.19 ± 0.4 6.2 ±
Tb SD stress [MPa] 5.4 ± 0.2 5.40 ± 0.2 5.4 ±
Ct av stress [MPa] 16.5 ± 0.5 16.58 ± 0.5 16.6 ±
Ct SD stress [MPa] 3.7 ± 0.2 3.69 ± 0.2 3.6 ±
Tb Dist load [%] 43.3 ± 6.2 42.3 ± 7.5 40.2 ±
Tb Prox load [%] 14.7 ± 3.6 13.7 ± 4.0 15.3 ±
Ct Dist load [%] 56.7 ± 6.2 57.7 ± 7.5 59.8 ±
Ct Prox load [%] 85.3 ± 6.2 86.3 ± 4.0 84.7 ±
density measures, LSCs ranged from 6 to 22 mg/cm3 at the radius and
from 10 to 30 mg/cm3 at the tibia (Table 3). The reproducibility of cor-
tical structure parameters was poorer comparedwith other parameters
(4.2≤ CVrms ≤ 21.2), therefore the LSCs for Ct.Po and intraCt.Po ranged
from 0.30% to 1.19% and the LSCs for pore diameter and distribution
ranged between 13 and 24 μm at both sites (Table 3). ICCs of biome-
chanical variables were comprised between 0.745 and 0.973, except
for the trabecular average and SD stress at the radius (0.673 and 0.666
respectively) (Table 6).

Using the 3D registration, the common regionwas smaller thanwith
the CSAmethod, comprising 91.8% and 94.0% of the baseline VOI for the
radius and tibia (Tables 1 & 3). The LSCs of geometry parameters (Tt.TV,
Ct.TV and Tb.TV) ranged from 7 to 17 mm3 at both sites (Table 3), with
ICCs ≥ 0.998 (Table 5). The LSCs of density measures ranged from 5 to
28 mg/cm3 and from 0.19% to 1.03% for the intracortical and total corti-
cal porosity at both sites (Table 3). For biomechanical properties, ICCs
values of stiffness were equal to 0.962 and 0.978 at the radius and
tibia respectively, however ICCs values of average stresses and their
SDs were slightly lower at both sites (Table 6).

Differences between techniques

Geometry, density, microstructure and biomechanical baseline
values were similar between all registration techniques. Moreover,
stration, after CSA-based and 3D registration.

Tibia

tration No registration CSA registration 3D registration

100% 96.6% 81.9%

26 371 ± 43 385 ± 45 468 ± 76
0.4 5.8 ± 0.4 5.7 ± 0.4 5.7 ± 0.4
0.2 5.0 ± 0.3 5.0 ± 0.3 5.0 ± 0.3
0.5 17.9 ± 0.3 16.6 ± 0.5 17.9 ± 0.2
0.23 2.9 ± 0.2 2.9 ± 0.12 2.8 ± 0.1
7.2 48.2 ± 6.8 48.5 ± 6.8 47.0 ± 6.7
4.6 29.2 ± 5.5 29.4 ± 5.3 30.6 ± 4.7
7.2 51.8 ± 6.8 51.5 ± 6.8 52.8 ± 6.7
4.6 70.8 ± 5.5 70.6 ± 5.3 69.4 ± 4.7



Table 3
Short-term reproducibility (CVrms, %) and least significant change (LSC, parameter units) of geometry, density andmicrostructural parameterswithout registration, after CSA-based and 3D
registration, at the radius and the tibia. Difference between sites was assessed by Student's t-test.

Common region Radius CVrms (LSC) Tibia CVrms (LSC)

No registration CSA registration 3D registration No registration CSA registration 3D registration

100% 93.6% 91.8% 100% 96.6% 94.0%

Geometry
Tt.TV [%, (mm3)] 2.3 (143) 0.4 (23) 0.3 (17) 0.5a (78) 0.3b (46) 0.1c (15)
Ct.TV [%, (mm3)] 2.3 (32) 1.6 (20) 0.5 (7) 1.6 (45) 1.8 (48) 0.4c (11)
Tb.TV [%, (mm3)] 3.5 (169) 0.6 (27) 0.3 (13) 0.8a (103) 0.5 (62) 0.1 (12)
Ct.Th [%, (mm)] 3.7 (0.09) 1.3 (0.03) 0.7 (0.02) 1.4a (0.05) 1.2 (0.04) 0.5c (0.02)

Density
Tt.vBMD [%, (mg/cm3)] 2.6 (24) 1.0 (9) 0.5 (5) 1.5a (13) 1.4 (12) 1.0c (9)
Ct.vBMD [%, (mg/cm3)] 0.8 (22) 0.8 (22) 0.7 (19) 1.1 (30) 1.1 (30) 1.0 (27)
Ct.TMD [%, (mg/cm3)]] 0.8 (22) 0.7 (20) 0.8 (22) 1.0 (28) 1.0 (28) 1.0 (28)
Tb.vBMD [%, (mg/cm3] 1.5 (7) 1.3 (6) 1.0 (5) 1.8 (10) 1.8 (10) 1.8 (9)

Trabecular structure
Tb.N [%, (mm−1)] 2.8 (0.14) 3.1 (0.16) 3.1 (0.16) 4.4 (0.21) 4.5 (0.22) 4.5 (0.22)
Tb.Th* [%, (μm)] 0.5 (3) 0.6 (3) 0.6 (3) 0.8 (5) 0.8 (5) 0.8 (5)
Tb.Th [%, (μm)] 3.3 (7) 3.3 (7) 3.2 (7) 4.8 (12) 4.8 (12) 4.8 (12)
Tb.Sp* [%, (μm)] 2.4 (35) 2.6 (37) 2.6 (38) 3.9 (59) 4.0 (61) 4.0 (61)
Tb.Sp [%, (μm)] 2.8 (37) 3.1 (40) 3.0 (39) 4.2 (58) 4.3 (58) 4.3 (58)
Tb.Sp.SD [%, (μm)] 2.5 (13) 3.3 (17) 3.4 (18) 3.4 (21) 3.6 (22) 3.6 (22)

Cortical structure
Ct.Po [%, (%)] 11.8 (1.30) 10.2 (1.07) 6.7 (1.03) 8.0a(1.19) 8.0b (1.19) 2.4c (0.41)
intraCt.Po [%, (%)] 22.2 (0.34) 20.9 (0.30) 10.7 (0.19) 12.5a (0.78) 12.4b (0.77) 3.7c (0.24)
intraCt.Po.V [%, (mm3)] 22.4 (1.7) 21.2 (1.4) 10.6 (0.9) 13.3a (8.0) 13.5b (7.8) 3.9c (2.2)
intraCt.Po.Dm [%, (μm)] 6.1 (28) 5.3 (24) 4.4 (20) 4.2 (22) 4.2 (21) 2.1c (11)
intraCt.Po.Dm.SD [%, (μm)] 13.9 (25) 11.6 (21) 8.7 (16) 5.9a (13) 5.8b (13) 3.4c (8)

Significance of comparison is noted as follows:
a Significantly different between radius and tibia without registration.
b Significantly different between radius and tibia using the CSA registration.
c Significantly different between radius and tibia using 3D registration.
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ICCs and LSCs have been compared between registration techniques
and were consistent with the CVrms differences, therefore only differ-
ences between CVrms are reported below.

For Tt.TV, Tb.TV and Ct.Th, applying the CSA method resulted in a
significant improvement in reproducibility at the radius, compared to
CVrms values found without registration (p b 0.01) (Fig. 3). There was
also a significant improvement in the reproducibility of total density
at the radius (1.0% vs. 2.6%, p b 0.01), however no significant improve-
mentwas shown for other density, trabecular, cortical or biomechanical
parameters (Figs. 3 & 4).

Using the 3D registration, the reproducibility of geometry parame-
ters at both sites was significantly improved compared to that obtained
without registration (p b 0.01) (Fig. 3). Compared to the CSA method,
the 3D registration improved the reproducibility of both Ct.TV
and Ct.Th at the tibia and only that of Ct.TV at the radius (p b 0.05)
(Fig. 3). Moreover, reproducibility of Tt.vBMD at the radius was
Table 4
Short-term reproducibility (CVrms, %) and least significant change (LSC, parameter units) of b
registration, at the radius and tibia. Difference between sites was assessed by Student's t-test.

Common region Radius CVrms (LSC)

No registration CSA registration 3D reg

100% 93.6% 88.4%

Stiffness [%, (kN/mm)] 3.6 (13) 3.6 (14) 3.5 (1
Tb av stress [%, (MPa)] 3.6 (0.6) 3.9 (0.7) 4.1 (0
Tb SD stress [%, (MPa)] 2.2 (0.3) 2.3 (0.3) 2.6 (0
Ct av stress [%, (MPa)] 1.0 (0.5) 0.6 (0.3) 0.4 (0
Ct SD stress [%, (MPa)] 3.3 (0.3) 2.6 (0.3) 1.4 (0
Tb Dist load [%, (%)] 7.2 (8.6) 7.2 (8.4) 6.4 (7
Tb Prox load [%, (%)] 9.0 (3.7) 11.8 (4.5) 7.7 (3
Ct Dist load [%, (%)] 5.4 (8.5) 5.7 (9.1) 4.7 (7
Ct Prox load [%, (%)] 1.6 (3.8) 2.0 (4.8) 1.6 (3

Significance of comparison is noted as follows:
a Significantly different between radius and tibia without registration.
b Significantly different between radius and tibia using the CSA registration.
c Significantly different between radius and tibia using 3D registration.
improved compared to that without registration (0.5% vs. 2.6%;
p b 0.01) (Fig. 3).

At the radius, the reproducibility of the cortical structure parameters
(Ct.Po, intraCt.Po and intraCt.Po.V) was improved after 3D registration
vs. without registration (all p b 0.05) and further to CSA registration
(all p b 0.05) (Fig. 3).

The reproducibility of these parameters at the tibiawas also improved
when 3D registrationwas employed (ranged from 2.4 to 3.9%) compared
to that without registration (ranged from 8.0 to 13.3%; p b 0.05) and to
that after the CSA registration (ranged from 8.0 to 13.5%; p b 0.05)
(Fig. 3). However, there was no improvement for the trabecular micro-
structure compared with other registration methods.

For μFEA, only the reproducibility of the cortical stress (average
and SD), at the radiuswas improved compared to that without registra-
tion (cortical average stress: 0.4% vs. 1.0% and cortical SD stress 1.4% vs.
3.3% respectively, all p b 0.01) (Fig. 4).
iomechanical parameters assessed by μFEA without registration, after CSA-based and 3D

Tibia CVrms (LSC)

istration No registration CSA registration 3D registration

100% 96.6% 81.9%

5) 2.3 (24) 2.2 (24) 2.2 (29)
.7) 3.3 (0.5) 3.4 (0.5) 3.5 (0.6)
.4) 2.2 (0.3) 2.2 (0.3) 2.7 (0.4)
.2) 0.3a (0.2) 0.3b (0.1) 0.2c (0.1)
.1) 2.0a (0.2) 2.0 (0.2) 0.9 (0.1)
.1) 3.2a (4.3) 3.4b (4.6) 3.2c (4.2)
.3) 4.4a (3.6) 4.0b (3.3) 4.2c (3.6)
.8) 2.9a (4.2) 3.0b (4.3) 2.7c (3.9)
.8) 1.5 (2.9) 1.5 (2.9) 1.9 (3.7)



Table 5
ICCs [95% confidence intervals] for geometry, density and microstructural parameters at the radius and tibia without registration, after CSA-based and 3D registration.

Radius Tibia

No registration CSA registration 3D registration No registration CSA registration 3D registration

Geometry
Tt.TV 0.983a,b [0.968; 0.998] 0.999 [0.999; 0.999] 0.999 [0.999; 0.999] 0.998a,b [0.997; 0.999] 0.999 [0.999; 0.999] 0.999 [0.999; 0.999]
Ct.TV 0.973b [0.950; 0.996] 0.988c [0.977; 0.998] 0.998 [0.997; 0.999] 0.980b [0.962; 0.997] 0.976c [0.954; 0.997] 0.999 [0.998; 0.999]
Tb.TV 0.975a,b [0.954; 0.997] 0.999 [0.998; 0.999] 0.999 [0.999; 0.999] 0.997a,b [0.995; 0.999] 0.999 [0.998; 0.999] 0.999 [0.999; 1.000]
Ct.Th 0.953a,b [0.912; 0.994] 0.993 [0.987; 0.999] 0.998 [0.996; 1.000] 0.982b [0.966; 0.998] 0.987c [0.975; 0.999] 0.997 [0.995; 1.000]

Density
Tt.vBMD 0.978a,b [0.959; 0.997] 0.997 [0.995; 1.000] 0.999 [0.999; 1.000] 0.987 [0.975; 0.999] 0.989 [0.978; 0.999] 0.994 [0.988; 0.999]
Ct.vBMD 0.955 [0.917; 0.994] 0.960 [0.926; 0.995] 0.964 [0.933; 0.996] 0.902 [0.820; 0.984] 0.904 [0.824; 0.985] 0.921 [0.853; 0.988]
Ct.TMD 0.961 [0.926; 0.995] 0.963 [0.930; 0.995] 0.962 [0.930; 0.995] 0.859 [0.745; 0.974] 0.863 [0.751; 0.975] 0.865 [0.755; 0.975]
Tb.vBMD 0.990 [0.982; 0.999] 0.992 [0.984; 0.999] 0.995 [0.990; 0.999] 0.989 [0.979; 0.999] 0.989 [0.980; 0.999] 0.990 [0.981; 0.999]

Trabecular structure
Tb.N 0.902 [0.820; 0.984] 0.887 [0.793; 0.981] 0.888 [0.795; 0.981] 0.878 [0.777; 0.978] 0.875 [0.772; 0.978] 0.877 [0.775; 0.978]
Tb.Th* 0.986 [0.974; 0.998] 0.977 [0.957; 0.997] 0.977 [0.956; 0.997] 0.975 [0.953; 0.997] 0.974 [0.950; 0.997] 0.979 [0.960; 0.998]
Tb.Th 0.882 [0.784; 0.979] 0.886 [0.792; 0.981] 0.894 [0.806; 0.982] 0.860 [0.746; 0.974] 0.860 [0.745; 0.974] 0.864 [0.754; 0.975]
Tb.Sp* 0.964 [0.932; 0.995] 0.955 [0.917; 0.994] 0.956 [0.917; 0.994] 0.923 [0.857; 0.988] 0.920 [0.851; 0.988] 0.921 [0.853; 0.988]
Tb.Sp 0.952 [0.911; 0.994] 0.944 [0.896; 0.992] 0.945 [0.898; 0.993] 0.905 [0.824; 0.985] 0.902 [0.820; 0.984] 0.904 [0.823; 0.985]
Tb.Sp.SD 0.965 [0.935; 0.996] 0.946 [0.899; 0.993] 0.941 [0.890; 0.992] 0.967 [0.938; 0.996] 0.964 [0.932; 0.996] 0.965 [0.934; 0.996]

Cortical structure
Ct.Po 0.783b [0.617; 0.950] 0.832c [0.698; 0.966] 0.918 [0.848; 0.987] 0.889b [0.797; 0.981] 0.887c [0.793; 0.981] 0.988 [0.978; 0.999]
intraCt.Po 0.749b [0.562; 0.937] 0.795c [0.637; 0.954] 0.937 [0.884; 0.991] 0.913b [0.839; 0.986] 0.908c [0.831; 0.986] 0.993 [0.987; 0.999]
intraCt.Po.V 0.724b [0.522; 0.926] 0.780c [0.612; 0.948] 0.930 [0.871; 0.990] 0.883b [0.787; 0.980] 0.878c [0.777; 0.979] 0.991 [0.983; 0.999]
intraCt.Po.Dm 0.774 [0.602; 0.946] 0.819 [0.676; 0.962] 0.839 [0.711; 0.968] 0.901 [0.818; 0.984] 0.896 [0.809; 0.983] 0.974 [0.952; 0.997]
intraCt.Po.Dm.SD 0.633 [0.384; 0.881] 0.750 [0.562; 0.937] 0.809 [0.660; 0.959] 0.926 [0.863; 0.989] 0.931 [0.871; 0.990] 0.982 [0.967; 0.998]

a Significantly different between no registration and CSA registration.
b Significantly different between no registration and 3D registration.
c Significantly different between CSA registration and 3D registration.

153R. Ellouz et al. / Bone 63 (2014) 147–157
Differences between the radius and tibia

Without registration, the reproducibility of Tt.TV, Tb.TV and Ct.Th
was poorer at the radius than at the tibia (Tt.TV: 2.3% vs. 0.5%, Tb.TV:
3.5% vs. 0.8% and Ct.Th 3.7% vs. 1.4% respectively, all p b 0.01). By
contrast no significant difference was found for density measurement
except for the Tt.vBMD (2.6% vs. 1.5%; p b 0.01) (Table 3). The reproduc-
ibility of cortical parameters including Ct.Po, intraCt.Po, intraCt.Po.V and
intraCt.Po.Dm.SD was significantly better at the tibia than at the radius
(p b 0.05) (Table 3).

When the CSA-based registration method was employed, only
the reproducibility of the previous cortical microstructure param-
eters and Tt.TV was significantly different between the radius and
tibia (p b 0.05) (Table 3).

Applying the 3D registration, the reproducibility analysis showed
a significant difference between both sites for Tt.TV, Ct.TV and
Ct.Th (0.3% vs. 0.1%, 0.5% vs. 0.4%, and 0.7% vs. 0.5%, respectively, all
p b 0.05) (Table 3). For density measures, only the CVrms of Tt.vBMD
reached significance (0.5% vs. 1.0%; p b 0.05) (Table 3). For all cortical
parameters the reproducibility was poorer at the radius than at the
tibia (all p b 0.05) (Table 3).

Regardless of the registrationmethod, the μFE analyses revealed that
the reproducibility of the cortical average stress, the percentage of load
Table 6
ICCs [95% confidence intervals] for biomechanical parameters at the radius and tibia without re

Radius

No registration CSA registration 3D registration

Stiffness 0.947 [0.883; 0.980] 0.956 [0.919; 0.994] 0.962 [0.929; 0.9
Tb av stress 0.732 [0.494; 0.889] 0.673 [0.443; 0.902] 0.675 [0.446; 0.9
Tb SD stress 0.675 [0.411; 0.862] 0.666 [0.433; 0.899] 0.622 [0.368; 0.8
Ct av stress 0.889a[0.763; 0.957] 0.948 [0.904; 0.993] 0.983 [0.969; 0.9
Ct SD stress 0.689a[0.431; 0.869] 0.745 [0.555; 0.935] 0.946 [0.899; 0.9
Tb Dist load 0.812 [0.624; 0.925] 0.819 [0.676; 0.962] 0.875 [0.773; 0.9
Tb Prox load 0.895 [0.775; 0.960] 0.848 [0.726; 0.971] 0.932 [0.873; 0.9
Ct Dist load 0.812 [0.624; 0.925] 0.819 [0.676; 0.962] 0.875 [0.773; 0.9
Ct Prox load 0.895 [0.775; 0.960] 0.848 [0.726; 0.971] 0.932 [0.873; 0.9

a Significantly different between no registration and 3D registration.
carried by the distal and proximal trabecular bone and the distal cortical
bone was poorer at the radius when compared to the tibia (all p b 0.05)
(Table 4). By contrast, no significant difference was observed for the
reproducibility of stiffness and trabecular stress (average and SD von
mises stresses) (Table 4).
Discussion

We have evaluated the in vivo clinical performance of the HR-pQCT
system to longitudinally assess bone changes, by determining short-
term reproducibility of geometry, density, microarchitecture and bio-
mechanical measures at the distal radius and tibia, using two different
registration methods.

We found that the CSA registration improved reproducibility of
the geometry measures and the radius total density, compared with
no registration. 3D registration further improved the reproducibility of
the cortical geometry and microstructure parameters, compared to the
analysis with no registration and to CSA-based registration. However,
trabecular density and microarchitecture were not improved by any
registration technique. This likely relates to the uniformity of the cancel-
lous structure, implying that a small difference in scanning areawill not
affect the results substantially.
gistration, after CSA-based and 3D registration.

Tibia

No registration CSA registration 3D registration

95] 0.959 [0.908; 0.985] 0.965 [0.933; 0.996] 0.978 [0.959; 0.997]
03] 0.802 [0.606; 0.921] 0.799 [0.643; 0.955] 0.804 [0.651; 0.957]
76] 0.842 [0.675; 0.938] 0.842 [0.715; 0.969] 0.808 [0.658; 0.958]
98] 0.972 [0.937; 0.990] 0.973 [0.949; 0.997] 0.986 [0.973; 0.998]
93] 0.868 [0.725; 0.949] 0.855 [0.737; 0.972] 0.958 [0.922; 0.995]
78] 0.948 [0.884; 0.981] 0.940 [0.888; 0.992] 0.949 [0.905; 0.993]
90] 0.954 [0.896; 0.983] 0.955 [0.915; 0.994] 0.926 [0.864; 0.989]
78] 0.948 [0.884; 0.981] 0.940 [0.888; 0.992] 0.949 [0.905; 0.993]
90] 0.954 [0.896; 0.983] 0.955 [0.915; 0.994] 0.926 [0.864; 0.989]
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Fig. 3.Absolute difference of percent rootmean square coefficient of variationwithout registration, after CSA-based and 3D registration, at the radius and tibia. A. For Geometry and density
parameters. B. For cortical structure parameters. Differences between methods were evaluated by an analysis of variance followed by post-hoc analysis (Scheffe test) for pair-wise
comparisons. Significance of comparison is noted as follows: aSignificantly different between no registration and CSA registration. bSignificantly different between no registration and
3D registration. cSignificantly different between CSA registration and 3D registration.
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The fact that registration could considerably improve the reproduc-
ibility of the cortical parameters likely relates to the fact that even small
angular deviations can affect the analyzed region in the cortical bone
(Fig. 2B), as observed with the improvement of cortical bone reproduc-
ibility with 3D registration.

The reproducibility was significantly better for the tibia than for the
radius, especially for the cortical microstructuralmeasures. In almost all
cases, this finding was independent of the registration method used.
Differences between radius and tibia reproducibility have been reported
in earlier studies, possibly stemming from more common movement
b

b

-3 -2 -1 0 1 2 3
Difference  (%)

A) Radius

3D vs. no registration

% T

% Tb

% C

% C

T

T

C

C

Fig. 4. Absolute difference of percent root mean square coefficient of variation without regis
by μFEA. A. At the radius. B. At the tibia. Differences between methods were evaluated by an an
Significance of comparison is noted as follows: bSignificantly different between no registration
artifacts at the radius (10 grade 1 images at the radius vs. 25 at the
tibia) [30,44,45]. Since movement artifacts cannot be corrected by the
image registration procedure, it makes sense that these differences
were independent of the registration used.

The short-term reproducibility of CSA-based registered HR-pQCT
measurements has previously been reported using the standard
segmentation of the cortical and trabecular compartments [1,27,28]
and using the method based on double contouring of the cortical
compartment [35,46]. The reproducibility reported in these earlier
studies for geometry, density and structural parameters was similar
-3 -2 -1 0 1 2 3
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tration and after CSA-based and 3D registration, for biomechanical parameters assessed
alysis of variance followed by post-hoc analysis (Scheffe test) for pair-wise comparisons.
and 3D registration.
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to those reported for the CSA-based registration in our study. Also, the
reproducibility of stiffness measurements was similar to values report-
ed in an earlier study [27].

The lower reproducibility of cortical microarchitecture is consistent
with both ex vivo and in vivo studies. Burghardt et al. [46] have demon-
strated, using a cadaveric radius phantom, that the CVrms of bone densi-
ty, microarchitecture and biomechanical parameters after CSA-based
registration were b1%, while they were greater for cortical porosity,
up to 8% [46]. In their study, CSA-based registration led to significantly
better reproducibility of geometry parameters and Tt.vBMD compared
to the case without registration. Yet, their method was designed to
correct axial misplacement between successive scans and did not take
into account any possible tilt, which could affect the common region.

Using the same approach, we confirm that our reported reproduc-
ibility lies within the same range observed in other studies showing
density CVrms ranging from 0.2% to 4.7% and microarchitectural param-
eters CVrms raging from 2% to 20% [19,30,35,44,46–50].

Consistent with our findings, MacNeil et al. [27] reported an im-
proved in vivo reproducibility of total and cortical bone densities
when using 3D registration. Unfortunately, in that study, the impact of
3D registration on the reproducibility of cortical microstructure was
not evaluated and the reproducibility of biomechanical parameters
was assessed only using the CSA registrationmethod,with a stiffness re-
producibility b3.5%, similar to our findings. However their volumetric
densities and trabecular structure parameterswere slightlymore repro-
ducible than our parameters. Using a 3D registration method, they
observed that CVrms calculated from images with no motion artifacts
ranged from 0.2% to 0.8% for density measures and from 2.8% to 3.5%
for trabecular parameters at both sites. However, they reported a small-
er common region retained for analysis (82% vs. 91% for the radius and
88% vs. 94% for the tibia), presumably due to a relatively important an-
gular deviation betweenmeasurements. They also found less reproduc-
ible values for Ct.Th (1.3% vs. 0.7% for the radius and 1.5% vs. 0.5% for the
tibia) compared to our reproducibility numbers.

Our reproducibility findings using 3D registration are also consistent
with the in vivo μCT reproducibility findings of Nishiyama et al. [33]
who reported that such approach led to a significant improvement in
reproducibility in most parameters for the mice and rats.

For the present μFEA results, using image registration did not im-
prove much the reproducibility (with the exception of cortical stress).
Considering this, it is important to note that using 3D registration also
has some important disadvantages for μFE-analyses, since it will reduce
the size of the common region to an average of 88.4% for the radius and
81.9% for the tibia, depending on the alignment obtained during scan-
ning which can be patient-specific (Table 4). This has two important
consequences. First, the reduction in sizewill imply that themorpholog-
ical and μFE analyses are obtained for different regions, unless the mor-
phological parameters are limited to the smaller region required for the
μFE analyses as well. Second, and more importantly, since parameters
such as stiffness are linearly dependent on the height of the common
region, using registration (either CSA or 3D) will introduce variation in
stiffness that relates to variation in the common region height between
subjects. For example, assuming the bone is rather homogeneous,
a 10% decrease in height will lead to a 10% increase in stiffness.
Since variations in height relate to alignment-errors during scanning
(patient-specific), this is not desirable when making comparisons
between patients or groups. The reduced height will also affect the load
distribution parameters and possibly the stress distribution parameters.
Although it is possible to correct the calculated stiffness for the differ-
ences in the common region height, its effect on other parameters is
less predictable. Since the registration only marginally improved the re-
producibility of mechanical parameters, it thus cannot be recommended.

It should be noted that our study had some limitations. First,
the sample size was relatively small and consisted of relatively young
and healthy individuals. It is possible that the reproducibility will be
different for older and osteoporotic subjects with thinner cortices and
less dense trabecular bone structures. Second, motion artifacts
represent a common finding during HR-pQCT image acquisitions.
From previous studies it has been reported that increased subject
motion introduces artifactual errors resulting in higher trabecular
number, and lower cortical thickness and bone mineral density [45].
These errors are substantially more pronounced for microarchitectural
measures compared to densitometricmeasures [44,51].Motion artifacts
will also result in reproducibility errors but might also affect the image
registration. Presently it is not known to what extent such artifacts
contribute to the reproducibility.

In conclusion, we have established the short-term reproducibility of
the HR-pQCT system to characterize longitudinal changes in bone
microarchitecture and estimated biomechanical properties at peripheral
skeletal sites. The use of CSA-based registration helps to improve repro-
ducibility of geometry and some density parameters when compared to
unregistered cases, but the 3D registration can considerably improve
the reproducibility of cortical microstructural measures. For most den-
sity, trabecular microstructural and mechanical parameters however,
onlyminor improvements are to be expectedwhen using both registra-
tion methods. Better longitudinal assessment of cortical parameters,
and hence their reproducibility improvement, may be of great interest
since cortical bone play an important role in load bearing capacity.
In treatment effect studies, large microarchitectural changes can
occur, potentially leading to a reduction in 3D registration accuracy. If
intermediate measurements are performed at different time points,
however, it would be possible to register the first follow-up scan
to the baseline image, the second follow-up to the first follow-up, and
so on. The registration of baseline and any follow-up image can then
be obtained by combining the incremental transformations.

The 3D image registration could be incorporated as a standard
protocol in the future, and will be the essential technique to maximize
in vivo reproducibility, to open new ways of detecting and tracking
local changes in bone architecture (both gain and loss), under the influ-
ence of aging and treatment of diseases such as osteoporosis.
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