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Abstract

A human high-resolution peripheral quantitative computed tomography scanner (HR-pQCT) (XtremeCT, Scanco Medical, Switzerland)
capable of measuring three important indicators of bone quality (micro-architectural morphology, mineralization and mechanical stiffness)
has been developed. The goal of this study was to evaluate the reproducibility of male and female HR-pQCT in vivo measurements, and
elucidate the causes of error in these measurements through a comparison with in vitro measurements.

The best possible short-term reproducibility was found using a set of 10 in vitro measurements without repositioning, and a set of 10 with
repositioning. Subsequently, in vivo measurements were performed on 15 male and 15 female subjects at baseline and follow-ups of 1 week
and 4 months to determine the short- and long-term reproducibility of the system. In addition to the 2D area matching method used in the
standard evaluation protocol, a custom developed 3D registration method was used to find the common region between repeated scans.

The best possible reproducibility without movement artifacts and repositioning error was less than 0.5%, while the reproducibility with
repositioning error was less than 1.5%. The in vivo reproducibility of density (<1%), morphological (<4.5%) and stiffness (<3.5) measurements
was consistently poorer than the reproducibility of cadaver measurements, presumably due to small movement artifacts and repositioning
errors. Using 3D image registration, repositioning error was reduced on average by 23% and 8% for measurements of the radius and tibia
sites, respectively.

This study has provided bounds for the reproducibility of HR-pQCT to monitor bone quality longitudinally, and a basis for clinical study

design to determine detectable changes.
© 2007 IPEM. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Areal bone mineral density (BMD) measurements are the
traditional method for diagnosing and monitoring osteoporo-
sis (OP) and provide a measure of the average density of a
bone sample, when projected onto a 2D surface. It is well
known that age related decrease in bone mineral content
(BMC) or BMD structurally weakens bone and thus increases
the risk of fracture; however, there is an increasing body of
evidence suggesting a combination of factors including bone
architecture, turnover, damage accumulation and mineraliza-
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tion play an important role in the assessment of fracture risk
[1]—jointly referred to as bone quality [2].
Micro-computed tomography (CT) is a non-destructive
technique that can measure three important determinants of
bone quality: micro-architectural morphology, mineraliza-
tion and mechanical stiffness on a same sample of bone
[3,4]. A human high-resolution peripheral quantitative com-
puted tomography scanner (HR-pQCT) (XtremeCT, Scanco
Medical, Switzerland; voxel size 82 pm) recently developed
can perform human in vivo measurements at peripheral sites
including the wrist and tibia. The standard HR-pQCT mor-
phological measurement protocol includes a direct measure
of trabecular number (Tb.N), and derived measures of bone
volume ratio (BV/TVd), trabecular thickness (Tb.Th), trabec-
ular separation (Tb.Sp) and cortical thickness (Ct.Th) [5,6].

1350-4533/$ — see front matter © 2007 IPEM. Published by Elsevier Ltd. All rights reserved.

doi: 10.1016/j.medengphy.2007.11.003

Please cite this article in press as: MacNeil JA, Boyd SK, Improved reproducibility of high-resolution peripheral quantitative computed
tomography for measurement of bone quality, Med Eng Phys (2008), doi:10.1016/j.medengphy.2007.11.003




JIBE-1349; No.of Pages8

2 J.A. MacNeil, S.K. Boyd / Medical Engineering & Physics xxx (2008) xxx—xxx

From a previous study, it was determined that additional
morphometric parameters could be measured by HR-pQCT
including direct measurements of BV/TV*, Ct.Th, connec-
tivity density (Conn.D), and degree of anisotropy (DA) [7].
In addition to morphology, mineralization measurements can
be performed including total BMD, trabecular (Tb) BMD,
and cortial (Ct) BMD. Thus, changes in each of these com-
partments can be assessed independently from the effects of
physical size.

Morphological and density measurements have been
shown to have good correlations to mechanical stiffness
and strength in the distal radius [8,9]; however, these mea-
sures typically provide an average value for a measurement
of a whole bone sample. Therefore, it is possible that two
bone samples can have similar average values for their bone
structure and density, but different overall structures and den-
sity distributions and may respond to loading in different
manners. Finite element modeling based on high-resolution
structural information allows the response of a bone sam-
ple to mechanical loading to be examined, and has been
previously shown to be effective at predicting Colles’ type
fractures using full wrist joint models as well as using a sec-
tion of the radius [8,10—12]. Finite element modeling using
in vivo measurements from the human radius and tibia has
the potential to provide insight into disease- and treatment-
related bone quality changes, and the reproducibility of those
measurements are therefore important to determine.

Bone quality measurements for the assessment of fracture
risk will likely consist of a baseline bone quality measure-
ment, and follow-up longitudinal measurements that will
be compared to the baseline measurement. This will allow
for an assessment of the rate of change of bone quality
as well as determination of least significant changes. The
reproducibility of in vivo measurements will be affected
by sources of error including: inherent error in the system
(stoicastic error), movement artifacts, physical positioning,
and scanning region selection for maximizing repeated mea-
surements. Although movement artifacts can be reduced by
providing careful instructions to the subject and immobiliza-
tion (strapping the extremity into the sample holder, Fig. 1),
movement artifacts cannot be completely removed. Reposi-
tioning is challenging, particularly because landmarks used
for selecting the scanning region may not be clear. It is nearly
impossible to select the exact same region in follow-up scans
and this error results in reduced reproducibility due to incon-
sistent overlap. While the overlap error is partially accounted
for automatically by matching slice-by-slice bone areas for
determination of common regions (Image Processing Lan-
guage, v4.29, Scanco Medical), the 2D area matching method
does not account for 3D repositioning errors. Therefore, a 3D
method using image registration [13] may offer an improve-
ment over the 2D area matching method and reduce the
effects of repositioning between follow-up scans resulting
in improved short- and long-term reproducibility.

The goals of this study are to: (i) determine the affect
of movement artifacts and repositioning error by finding the

Lm

Fig. 1. Standard forearm fixation (top) and lower leg fixation (middle) in
the HR-pQCT forearm scanning cast provided by the manufacturer. After
completion of this study, forearm fixation with the addition of foam wedges
(bottom) to decrease possible movement artifacts during scanning are rou-
tinely used to further reduce movement artifacts.

inherent reproducibility of the system (best case scenario),
(ii) determine the short- and long-term reproducibility of
morphological, density, and finite element stiffness measure-
ments of the distal radius and tibia (with 2D area matching
correction); and (iii) determine if 3D image registration can
improve the short- and long-term reproducibility of bone
quality measurements by reducing repositioning error. The
reproducibility of measurements of males and females will
be determined separately to determine if combining these
measurements could artificially improve the reproducibility
of bone quality measurements of females [6].

2. Methods
2.1. Subjects
A single cadaver forearm was used to determine the best

possible reproducibility of the system. The best possible
reproducibility can only be assessed using in vitro mea-
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Fig. 2. Standard HR-pQCT measurement location for the distal radius (left) and tibia (right) showing the reference landmark location (solid line) and the

scanning region (dashed lines).

surements because in vivo measurements inherently contain
movement artifacts. The fresh frozen forearm was disarticu-
lated at the elbow (left forearm, male, 81 years old), thawed
and scanned with the soft tissue intact.

In vivo measurements were performed on a total of 30
human subjects: 15 male (ages 20-37 years) and 15 female
(ages 2040 years). No subjects had a history of previ-
ous fractures or bone-related ailments (self reported). All
subjects (1 male dropped out before the 4 month scan)
were scanned at both their dominant and non-dominant
radius and tibia (4 sites) at baseline and follow-ups of 1
week and 4 months (Fig. 1). All procedures were approved
by the Office of Medical Bioethics at the University of
Calgary.

2.2. Scanning by HR-pQCT

Both in vitro and in vivo measurements used the same
method to identify the 3D region to be scanned. The identi-
fication was based on a ‘scout view’ (2D X-ray) from which
landmarks could be identified (Fig. 2). The landmark on the
tibia was the distal articular plateau (articulating surface with
the talus) and the landmark on the radius was a notch between

the articulating surfaces for the lunate and navicular joint in
the wrist. The scanning region was offset 22.5 mm for the tibia
and 9.5 mm for the radius as specified by the manufacturer.

The single cadaver forearm was scanned 10 times with-
out repositioning to determine the inherent reproducibility
of the scanning system. It was then scanned again 10 times
with repositioning (forearm was removed from the scanner
and reinserted) at the standard distal location for in vivo
patient HR-pQCT measurements to determine the effects of
repositioning.

Short- and long-term reproducibility was determined
through in vivo patient measurements of the radii and tib-
iae and were scanned at baseline and follow-ups of 1 week
and 4 months. The default human peripheral in vivo scan-
ning protocol (60kVp, 1000 wA, 100 ms integration time)
was used for each scan. The total time for each measure-
ment was approximately 3 min and resulted in 110 slices
or a 9.02mm long 3D representation of the radius and
tibia (Fig. 3). The effective dose from a single scan was
approximately 3 wSv, which is well below the recommended
annual dose limit (approximately 50 mSv) for general public
(International Commission on Radiological Protection). The
baseline ‘scout view’ was used for comparison to 1 week

10 mm

Fig. 3. Representative HR-pQCT distal radius (left) and tibia (right) cross-sections. Morphological, density and, stiffness measurements were performed on all

samples. The same scales are used to highlight the typical relative size difference.
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Fig. 4. Example using 3D image registration to find the common region between scans at baseline (top left), 1 week (top center), and 4 months (top right). The
overlap between the representative volumes for the scans (bottom left) is used to identify the overlap between the three-segmented images (bottom right). The
common region (intersection) is then extracted and analyzed in all three images to improve reproducibility. Note that the misalignment (bottom left) includes

both translational and rotational components.

and 4 months follow-up scans as per the standard operational
protocol for the HR-pQCT system.

2.3. Density and morphological measurements

Measurements performed on the HR-pQCT images were
categorized as either a default patient evaluation or extended
evaluation. The first method used the default patient evalua-
tion protocol available on the system. The radius and tibiae
were segmented from the image data using a semi-automated
contouring method. The evaluation software automatically
extracted both the cortical and trabecular mineralized phase
using a Laplace Hamming filter and segmented the corti-
cal and trabecular bone both using default values specified
by the manufacturer. These values are used consistently for
all HR-pQCT scanners. The standard evaluation protocol
resulted in measures of total BMD, cortical (Ct.) BMD,
trabecular (Tb.) BMD, BV/TVY, Tb.N, Tb.Sp, Tb.Th, and
Ct.Th.

The standard evaluation protocol provided by the man-
ufacturer based on the 2D area matching method was used
to determine the common region between baseline, 1 week,
and 4 months for the first round of evaluations. To deter-
mine if an improvement in reproducibility could be obtained
using 3D image registration, the full 3D scans from 1 week
and 4 months were registered to the baseline scan with rigid
registration using Mattes mutual information with a linear
interpolator in a multi-resolution scheme (Fig. 4). For fur-
ther details about the 3D registration methods see Boyd et al.
[13]. The standard evaluation protocol was repeated on the
3D registered data, with the exception of Ct.Th (it required
a proprietary file that could not be created). In addition to
the standard morphological parameters, addition evaluations
including direct measurements of BV/TV*, Ct.Th, Conn.D,

and DA were also completed based on the 2D area matching
method and 3D image registration.

2.4. Mechanical stiffness

The HR-pQCT radii and tibia-segmented 3D datasets were
automatically converted to finite element meshes using the
voxel conversion approach [14]. The boundary conditions
applied were uniaxial displacement to 1% strain. The appar-
ent Young’s modulus (E) of the cross-sections was calculated
based on the reaction force (RF) to induce 1% strain, and
average area of the slices of the section. The radius mod-
els typically contained 10 million degrees of freedom, while
the tibia models typically contained 54 million degrees of
freedom and were solved using custom element by element
finite element software on a parallel shared memory super-
computing system (64 bit 1.9 GHz processors, 4 GB of RAM
per processor) [15].

Table 1
HR-pQCT reproducibility measured in percent root mean squared coefficient
of variance

Measurements radius No repositioning (%) Repositioning (%)

BV/TVY (%) 0.000 0.715
Tb.N (mm~!) 0.170 0.515
Tb.Th (mm) 0.262 1.07

Tb.Sp (mm) 0.195 0.468
Ct.Th (mm) 0.000 0.820
BMD (g/cm?) 0.197 0.289
Tb.BMD (g/cm?) 0.000 0.714
Ct.BMD (g/cm?) 0.096 0.332

Measurements were performed on a cadaver forearm without and with repo-
sitioning. The 2D area matching method used in the standard evaluation
protocol was used to select the common region for the follow-up measure-
ments.
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2.5. Statistical analysis

Root mean square coefficient of variance was used to
determine the absolute error of the system and the effects
of repositioning. Root mean square coefficient of variance
was used to determine the short-term reproducibility of the
bone density, architecture and mechanical stiffness measure-
ments. The long-term reproducibility of the measurements
were determined based on the standard error of the estimate of
the repeated measurements [16]. The long-term reproducibil-
ity was calculated using the standard error of the estimate,
which performs a regression analysis, and determines the
standard error for each measurement from the line of best fit
from the regression analysis. Therefore, a trend of decreasing
or increasing morphological, density or strength parameters
will have less impact on the long-term reproducibility. To test
for statistical differences between two root mean square coef-
ficient of variances, an analysis of variance was used based
on a method developed by Sokal and colleagues [17].

3. Results

The best possible reproducibility from the cadaver mea-
surements is given (Table 1) and the absolute error in the
scanning system was found to be less than 0.3% for the stan-
dard measurement protocol. This represents the upper limit
of reproducibility of the system without movement artifacts
and without repositioning errors. The system reproducibility
without movement artifacts, but with repositioning error was
found to be less than 1.2% for all measurements in the stan-
dard measurement protocol, and represents the upper limit of
the 2D area matching method for finding the common region
between multiple scans.

In vivo measurements that were observed to have motion
artifacts (based on qualitative observations of artifacts such as
blurring or streaks in reconstructed 2D slices) were excluded
from the study, which resulted in 22 radius and 22 tibia mea-
surements of males and 22 radius and 22 tibia measurements
of females. In vivo reproducibility based on short- and long-
term follow-up scans of male and female subjects at the radius
and tibia are provided (Table 2). The average common regions
using the 2D area matching method from the default patient
evaluation for measurements of radii and tibiae were found to
be 92% and 91% for males, respectively, and 96% and 95%
for females, respectively.

For the radius site, the root mean square coefficient of
variance (CVms) for BMD, Tb.BMD, Ct.BMD, and BVTV¢Y
measurements were found to be generally less than 1%.
The reproducibility of Tb.N was greater (CVns <3.9%),
and subsequently the semi-derived measurements had similar
reproducibility, including Tb.Th (CV s <4.0%) and Tb.Sp
(CVims <4.5%).

For the tibia site, the CV g for BMD, Tb.BMD, Ct. BMD,
and BVTVY were less than 0.55%, while CVps of Tb.N,
Tb.Th, and Tb.Sp measurements were less than 3.7%. The
long-term reproducibility of measurements of the radius
and tibia were found to be equal to or slightly better than
the short-term reproducibility. The long-term reproducibil-
ity precision was based on the standard error of the estimate
from aregression analysis and therefore, accounted for trends
in the measurements that may have been contributing to
differences.

The reproducibility of the stiffness measurements were
comparable to the morphological measurements. The repro-
ducibility for measurements of males and females were
significantly different (p <0.05) for the estimation of reaction
force (RF) under 1% strain. Short- and long-term measure-

Table 2
Radius and tibia short- and long-term reproducibility of the HR-pQCT system for males and females measured in percent root mean squared coefficient of
variance

Radius male Radius female Tibia male Tibia female
Avg. com. region 92% 91% 96% 95%
Measurements Short term Long term Short term Long term Short term Long term Short term Long term
BV/TVY(%) 0.613 0.682 0.522 0.487 0.525 0.437 0.790 0.840
Tb.N (mm~!) 3.60 3.55 3.36 3.20 3.59 3.15 3.89 3.58
Tb.Th (mm) 3.41 3.37 3.10 2.74 3.62 3.39 3.85 3.47
Tb.Sp (mm) 4.40 3.94 3.28 2.95 351% 331 4.00* 3.76
Ct.Th (mm) 1.35 1.43 0.663 0.772 0.859 0.887 2.24 2.04
BMD (g/cm?) 0.624 0.634 0.386 0.458 0.481 0.529 1.03 0.997
Tb.BMD (g/cm?) 0.662 0.688 0.489 0.495 0.535 0.490 0.912 0.851
Ct.BMD (g/cm3) 0.339 0.327 0.404 0.290 0.247 0.275 0.582 0.548
E 2.36 2.27 1.44 1.40 1.60* 1.60* 3.55% 3.47*
RF (N) 2.47 2.36 1.447 1.40% 1.86* 1.83* 4.28t* 4.181*
von Mises stress 248 2.40 1.38 1.36 1.87 1.87 3.19 3.14
Strain energy den. 3.41 3.30 1.89 1.86 2.56%* 2.55% 4.22% 4.17*

The common region was determined using the standard 2D area matching method from the standard evaluation protocol. The reproducibility of morphological,
density (gray shading), and stiffness measurements was determined. A 1 symbol indicates a significant difference (p <0.05) between males and females. A *

symbol indicates a significant difference between the tibia and radius.
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Table 3
Radius and tibia short- and long-term reproducibility of the HR-pQCT system for males and females using 3D image registration to find the common region
between longitudinal scans

Radius male Radius female Tibia male Tibia female
Avg. com. region 86% 82% 88% 88%
Measurements Short term Long term Short term Long term Short term Long term Short term Long term
BV/TVY (%) 0.587 0.590 0.474 0.475 0.484 0471 0.800 0.800
Tb.N (mm~!) 3.52 3.50 3.22 3.14 3.26 3.24 3.33 3.30
Tb.Th (mm) 3.33 3.30 297 2.88 335 3.40 3.28 3.28
Tb.Sp (mm) 3.90 3.92 3.00 2.94 3.43 3.49 3.47 3.51
Ct.Th (mm) 1.30 1.34 1.32 1.32 2.20 223 1.55 1.57
BV/TV* (%) 1.05 1.04 0.936 0.923 1.03 1.04 0.898 0.932
Conn.D (mm~—3) 6.39 6.31 9.15¢ 8.831 6.47* 6.43* 4.93¢* 4.97¢*
DA 2.07 2.04 2.16 2.14 2.17 222 2.84 2.83
BMD (g/cm?) 0.462 0.472 0.393 0.388 0.333 0.327 0.691 0.688
Tb.BMD (g/cm?) 0.587 0.590 0.473 0.475 0.484 0.471 0.800 0.800
Ct.BMD (g/cm®) 0.227 0.229 0.278 0.272 0.281 0.278 0.271 0.256

Reproducibility is measured in percent root mean squared coefficient of variance and standard error of the estimate. The common region was found using 3D
image registration. The precision of morphological, density, and stiffness measurements was determined.

Table 4
Absolute difference in percent root mean squared coefficient of variance between standard 2D area matching method and 3D image registration for radius and
tibia short- and long-term precision of the HR-pQCT system for males and females

Radius male Radius female Tibia male Tibia female

Measurements Short term Long term Short term Long term Short term Long term Short term Long term
BV/TVY (%) 0.026 0.092 0.050 0.010 0.040 —0.030 —0.010 0.040
Tb.N (mm~!) 0.08 0.05 0.14 0.06 0.33 —0.09 0.56 0.28
Tb.Th (mm) 0.08 0.07 0.13 —0.14 0.27 —0.10 0.57 0.19
Tb.Sp (mm) 0.50 0.02 0.28 0.01 0.08 —0.18 0.53 0.25
BMD (g/cm?) 0.160 0.160 —0.010 0.070 0.150 0.200 0.340 0.310
Tb.BMD (g/cm?) 0.075 0.098 0.020 0.020 0.050 0.020 0.110 0.051
Ct.BMD (g/cm?) 0.110 0.098 0.130 0.020 —0.030 0.000 0.310 0.290

The precision of morphological, density, and stiffness measurements was determined. A positive value is an increase in precision with 3D registration.

ments at the tibia site were found to be significantly more 88% and 88%, for female radii and tibiae sites, respec-
precise than measurements at the radius for measurements tively. Using 3D image registration there was an improvement
of strain energy density (SED) for males, and in females for in root mean squared coefficient of variance (Table 3) of
measurements of E, RF, and SED. over 0.5% for the short-term morphological measurements

3D image registration was used to find the common region (Tb.N, Tb.Th, Tb.Sp) of the female radius. Image registra-
for measurements of male and female radii and tibiae, and tion improved the root mean squared coefficient of variance
the calculated overlap was decreased to averages of 86% (Table 4) by an average of 0.2% and an average relative
and 82% for male radii and tibiae sites, respectively, and increase (Table 5) of 23% for the short- and long-term
Table 5

Relative difference in percent root mean squared coefficient of variance between standard 2D area matching method and 3D image registration for radius and
tibia short- and long-term precision of the HR-pQCT system for males and females

Radius male Radius female Tibia male Tibia female
Measurements Short term Long term Short term Long term Short term Long term Short term Long term
BV/TVY (%) 4.43 15.6 10.1 2.53 8.47 —7.22 —1.25 5.00
Tb.N (mm~') 2.27 1.43 4.35 1.91 10.1 —2.78 16.8 8.48
Tb.Th (mm) 2.40 2.12 438 —4.86 8.06 —0.29 17.4 5.79
Tb.Sp (mm) 12.8 0.51 9.33 0.34 2.33 —5.16 15.3 7.12
BMD (g/cm?) 35.1 34.3 —1.78 18.0 444 61.8 49.1 449
Tb.BMD (g/cm?) 12.8 16.6 3.38 421 10.5 4.03 14.0 6.38
Ct.BMD (g/cm?) 49.3 429 453 6.62 —12.1 —1.08 114 114

The precision of morphological, density, and stiffness measurements was determined. A positive value is an increase in precision with 3D registration.
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reproducibility of the male and female radius when com-
pared to the standard 2D overlap method. However, none
of these improvements were statistically significant, and a
small decrease in the female short-term reproducibility of
BV/TV was found. There was an average improvement in
root mean squared coefficient of variance (Table 4) of 0.04%
and an 8% average relative improvement (Table 5) for the
short- and long-term reproducibility of the male and female
tibia measurements. A small decrease in the long-term repro-
ducibility for the structural measurements in females was
found.

4. Discussion

This study evaluated the reproducibility of HR-pQCT to
determine the bounds of this new technology for longitudi-
nal bone morphological, density, and stiffness measurements.
The contribution of movement artifact and repositioning
error was evaluated, and by their elimination in the cadaver
measurements, the inherent machine reproducibility was
determined. The short- and long-term reproducibility of mor-
phological, density and finite element stiffness measurements
of the distal radius and tibia using the standard 2D area
matching method was found, and it was shown that 3D
image registration generally improved those results. The
reproducibility for measurements of males and females were
statistically different for reaction force to induce 1% strain,
but not other parameters measured.

A limitation of this study was that movement artifacts
could not be explicitly controlled for during in vivo mea-
surements, and were difficult to identify based on the single
reconstructed slice that is provided at the time of patient
measurement (remaining data is reconstructed online after
patient departure). The effect of motion artifacts on the mea-
surement parameters are not fully understood; however, in
some cases where patients were re-scanned immediately (for
other studies) anecdotal results indicate that density mea-
sures are more stable than structural parameters. This is not
surprising since the blurring of image data should have little
influence the density measurements compared to the struc-
tural elements and this is reflected in this study in the better
in vivo reproducibility measured for density parameters com-
pared to structural parameters. The reproducibility estimated
in this study is representative of the current methodologies
used to acquire HR-pQCT scans, and is therefore relevant
to the clinical usage of this device. However, it is possible
that improved reproducibility could be achieved via reduction
of movement artifacts. In the future, a full characterization
of the effects of motion artifacts needs to be determined as
well as methods to detect them quantitatively. Another clear
limitation of this study is that the use of younger subjects
may have contributed to an overestimation of reproducibility
(i-e., not representative of elderly or osteoporotic patients).
Performing a reproducibility study using elderly patients is
problematic as their bone quality may be unstable, and elderly

subjects may have more difficulty remaining still (i.e., tremor)
thus increasing the risk of movement artifacts. Therefore, the
results presented here, even for our in vivo measurements,
represent a best case scenario for maximizing reproducibility.

The best possible system reproducibility is less than 0.26%
if movement artifact and repositioning errors are removed,
and increases to 1.07% if repositioning errors are included.
The in vivo reproducibility estimates are higher, and were of
similar magnitude to previously reported results for density
and morphological measurements [5] when the standard 2D
overlap correction method was employed. The application of
3D registration generally improved reproducibility, and the
improvement was most notable with respect to the density
measurements which ranged from 0.23% to 0.80%. Putting
the HR-pQCT reproducibility estimates into perspective, the
annual rate of bone loss for healthy women is reported to
be 0.5-0.9% and 0.9-1.1% for trabecular and total BMD,
respectively [18]. Therefore, taking into account the least
significant change that is detectable based on the measured
reproducibility of HR-pQCT density measurements [19],
it should be theoretically possible to detect BMD changes
within the timeframe of approximately a year in the normal
aging population, and even sooner for osteoporotic patients
with higher bone loss rates.

This system reproducibility can be improved through the
use of 3D image registration to reduce repositioning arti-
facts. The 2D area matching currently used in the standard
evaluation protocol adjusts the common region on the basis
of removing whole slices from the 3D dataset, and cannot
account for out-of-plane (i.e., 3D) differences. A 3D method
to select the common region helps to remove the effects
of repositioning while maximizing the volume retained for
analysis (Fig. 4). Generally, this led to an improvement in
reproducibility, most markedly in the measurements of total
BMD and Ct.BMD. The variation of the cortex volume along
the length of the bone, particularly at the radius site, may
have resulted in a higher sensitivity to 3D registration (i.e.,
more weight when 3D position is corrected) thus explain-
ing the large improvements. In contrast, the effect of a 3D
method to select the common region on the reproducibility
of the trabecular morphological parameters (and Tb.BMD)
was not as strong. This is possibly because the cancellous
structure is relatively uniform along the length of the bone
in the measurement region. The stiffness measurements take
into account the whole 3D bone structure measured, includ-
ing the cortical and cancellous region, and it was encouraging
that the reproducibility of these parameters were similar to the
morphological parameters because they may provide a sig-
nificant addition to bone quality measurements in the future,
particularly to distinguish changes in osteoporotic fracture
risk.

There were a few cases where 3D registration resulted
in a modest reduction in reproducibility (negative signs in
Table 4); however, these results predominantly occur in the
long-term evaluations which uses the statistical method of the
standard error of the estimate of the repeated measurements to
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determine reproducibility, and may have been due to a trend
artificially detected by the 2D area matching method. Despite
improvements in reproducibility through the use of 3D regis-
tration, in vivo architectural measurements all had greater
than 3% variation, compared to less than 1.2% for mea-
surements containing repositioning error and no movement
artifacts. Therefore, this indicates that movement artifacts are
a significant source of error the reduction of that type of error
will greatly improve reproducibility. Complete immobiliza-
tion of the limb (Fig. 1) being scanned will likely offer an
improvement, and investigations into cast supports to reduce
movement may be warranted.

In general, measurements at the radius were found to be
less precise than measurements at the tibia and that may be
due to differences in the bone size. The same amplitude of
error may have less effect on a larger bone. Motion artifacts
were also found to occur more frequently in the radius than
in the tibia, and this may be due to the radius being a location
in the body that is constantly in motion during daily activity,
as well to patient positioning difficulties for radius measure-
ments (it is more awkward than positioning the patient for
the tibia measurements). Improved methods to immobilize
the wrist may help prevent movement artifacts. Another fac-
tor affecting radius precision is the difficulty of selecting
a consistent landmark, whereas the landmark of the distal
tibia is well defined. This difficulty is reflected in the rela-
tive improvement of reproducibility provided by the use of
3D registration in the radius (23%) compared to a modest
improvement at the tibia (8%).

This study has determined the reproducibility of HR-
pQCT for monitoring parameters related to bone quality at
peripheral sites over time. The reproducibility of density
measurements was better than the reproducibility of mor-
phological and stiffness measurements, likely due to the
reduced sensitivity of BMD measurements to motion arti-
fact. The application of 3D registration had the largest impact
on density measurements, and although 3D registration is
not currently a standard option for HR-pQCT systems, it
is relatively straightforward to apply and not excessively
computationally demanding [13]. It could be incorporated
as standard protocol in the future, and the maximization of
reproducibility in HR-pQCT is important for the longitudi-
nal monitoring of bone quality measurements for improved
diagnosis and treatment of diseases such as osteoporosis.
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