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Abstract
High-resolution peripheral quantitative computed tomography (HR-pQCT) has recently been
introduced as a clinical research tool for in vivo assessment of bone quality. The utility of this
technique to address important skeletal health questions requires translation to standardized multi-
center data pools. Our goal was to evaluate the feasibility of pooling data in multi-center HR-
pQCT imaging trials.
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Reproducibility imaging experiments were performed using structure and composition-realistic
phantoms constructed from cadaveric radii. Single-center precision was determined by repeat
scanning over short (<72hrs), intermediate (3–5mo), and long-term intervals (28mo). Multi-center
precision was determined by imaging the phantoms at nine different HR-pQCT centers. Least
significant change (LSC) and root mean squared coefficient of variation (RMSCV) for each
interval and across centers was calculated for bone density, geometry, microstructure, and
biomechanical parameters.

Single-center short-term RMSCVs were <1% for all parameters except Ct.Th (1.1%), Ct.Th.SD
(2.6%), Tb.Sp.SD (1.8%), and porosity measures (6–8%). Intermediate-term RMSCVs were
generally not statistically different from short-term values. Long-term variability was significantly
greater for all density measures (0.7–2.0%; p < 0.05 vs. short-term) and several structure
measures: Ct.Th (3.4%; p < 0.01 vs. short-term), Ct.Po (15.4%; p < 0.01 vs. short-term), and
Tb.Th (2.2%; p < 0.01 vs. short-term). Multi-center RMSCVs were also significantly higher than
short-term values: 2–4% for density and µFE measures (p < 0.0001), 2.6–5.3% for morphometric
measures (p < 0.001), while Ct.Po was 16.2% (p < 0.001).

In the absence of subject motion, multi-center precision errors for HR-pQCT parameters were
generally less than 5%. Phantom-based multi-center precision was comparable to previously
reported in vivo single-center precision errors, although this was approximately 2–5 times worse
than ex vivo short-term precision. The data generated from this study will contribute to the future
design and validation of standardized procedures that are broadly translatable to multi-center study
designs.

Keywords
HR-pQCT; osteoporosis; precision; bone; microstructure; bone strength; multi-center studies

Introduction
High-resolution peripheral quantitative computed tomography (HR-pQCT) is an emerging
non-invasive method for in vivo 3D characterization of bone in the human peripheral
skeleton (1,2). With a typical isotropic voxel size of 82µm, this device permits quantification
of the geometric, microstructural, densitometric, and mechanical properties of human
cortical and trabecular bone (3–5). Monitoring these bone quality features in a longitudinal
fashion is of particular interest in clinical research, allowing patient-specific evaluation of
disease progression, treatment response, and other manifestations of a change in bone
metabolism (6,7).

To fully realize the potential of HR-pQCT to investigate the role of bone quality in fracture
prediction and evaluate treatment efficacy, the technology must be translated to the multi-
center setting. The first step towards establishing HR-pQCT as a feasible technique for
large-scale multi-center clinical research studies is to characterize variability across different
devices and imaging centers. A number of studies have reported the short-term, single-
center reproducibility for measures of bone density, microstructure, and strength (1,2,8–11).
One study has recently reported short-term in vivo precision data pooled from nine imaging
centers participating in a multi-center trial (12). In addition, other studies have characterized
various factors contributing to measurement variability including scan positioning (13,14),
subject motion (15–18), and the image processing and analysis techniques applied (9,19,20).
To date, no standard tools exist to assess long-term reproducibility of HR-pQCT bone
quality measurements, or to investigate precision across multiple centers.
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This study was designed to accomplish three specific goals: (I) to characterize the variation
in noise and spatial resolution across multiple HR-pQCT systems; (II) to develop
anthropomorphic microstructure-realistic imaging phantoms appropriate for long-term,
multi-center quality control for HR-pQCT; and (III) to measure the precision in HR-pQCT
derived measures of bone density, geometry, structure, and strength across imaging centers.
To this end a phantom was designed to approximate peripheral skeletal anatomy,
microstructure, and composition. Experiments to determine short-term, intermediate-term,
and multi-center precision of HR-pQCT bone quality measures were performed by imaging
these phantoms at nine different imaging centers.

Materials and Methods
Extremity Bone Structure (EBS) Phantom Design

The design goal established for our extremity bone structure (EBS) phantoms consisted of
four critical criteria: that the phantoms (i) realistically model the microstructure, geometry,
and composition of human bone from the peripheral skeleton, (ii) be structurally and
materially stable over time for reliable long-term use, (iii) be easily portable for transfer
between imaging centers, and (iii) facilitate standardized image acquisitions and analysis
protocols. This goal was realized using cadaveric bone tissue embedded in a polymer resin
with X-ray radio-opacity comparable to soft-tissue.

Specimens—Human cadaveric distal radius bone specimens (n=14) were acquired from
the National Disease Research Interchange (NDRI) under a protocol that excluded donors
with a known history of osteoporosis or other primary or metastatic diseases affecting bone.
The tissue bank provided the bone specimens with a majority of the extra-osseal soft tissue
dissected away, but with the bone marrow intact. The specimens were stored in a −20C
freezer prior to the subsequent tissue processing steps. Descriptive information on the
donors and the bone specimens, including bone density and structure measures determined
using ex vivo micro-tomography (µCT-40, Scanco Medical AG, Brüttisellen, Switzerland)
are provided in Table 1.

Tissue processing—Axial bone sections corresponding to the standard HR-pQCT
imaging location for the distal radius were machined from the distal ends of the specimens.
Each section was approximately 1-cm in length with the distal cut located 9-mm from the
distal joint line. After sectioning, the bone marrow was removed using cycled treatments
with a mild bio-detergent (Terg-A-Zyme, Alconox Inc.) in a sonicated water bath followed
by a gentle wash by water jet.

Embedment—Each clean bone section was individually embedded in polymethyl
methacrylate (PMMA) (Sigma-Aldrich, St. Louis, MO), and subsequently five sections were
stacked for larger embedment in a polyethylene resin (Clear-Lite Casting Resin, Tap Plastics
Inc., Dublin, CA) (Figure 1). Both plastics have effectively equivalent X-ray attenuation
properties and approximate soft-tissue radio-opacity. The low viscosity of the monomer
MMA allowed for robust infiltration of the marrow volume and complete displacement of
air within the cancellous compartment under vacuum at 193 kPa (28 psi). Minimally sized
container moldings (4-cm × 3-cm) were used for the individual embedments to minimize the
risk of bubble formation during the exothermic polymerization process. The stacked sections
were embedded in a 7-cm diameter by 20-cm long cylindrical molding (Proctor & Gamble,
Cincinnati, OH). The cylindrical phantoms were machined to incorporate threaded inserts at
either end for attaching mounting brackets (Scanco Medical AG, Brüttisellen, Switzerland)
used for reproducible positioning and fixation within the scanner (Figure 1A). A total of
three EBS phantoms, each with 5 bone sections, were constructed for use in this study. One
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phantom included a single tibia section, which was not used for this analysis, therefore a
total of 14 sections were evaluated.

Phantom Imaging Experiments
Imaging Centers—A consortium of nine academic imaging centers with HR-pQCT
systems (XtremeCT, Scanco Medical AG, Brüttisellen, Switzerland) in North America,
South America, and Europe was recruited to perform the phantom imaging experiments
described below. A custom acquisition protocol was provided to each site by the organizing
institution (UCSF), while the imaging experiments were performed by a local technician or
researcher at each site. The phantom set was distributed to each participating site by a
commercial freight service, while the image data was transferred via magnetic tape to the
organizing institution for centralized processing. The arbitrary, de-identified label “site A”
through “site I” will heretofore indicate the individual imaging center participating in this
study.

Image Noise and Spatial Resolution—Two phantoms were imaged at each site to
characterize the relative noise and spatial resolution performance of each HR-pQCT system.
The noise performance was measured at each site using a single quality control (QC)
phantom analogous to the phantom provided with each scanner by the manufacturer for
density calibration and routine quality control. This phantom consists of a 7-cm diameter
cylinder of a water-equivalent polymer resin with 1-cm diameter cylinders of hydroxyapatite
mixtures (0, 100, 200, 400, 800 mg HA/cm3) (Figure 2). The manufacturer’s standard
quality control protocol was adapted to image this phantom: a 73-slice stack of images
(123µm isotropic voxel size) was acquired starting at a fixed offset from the end of the
phantom (18mm) to ensure comparable positioning at each site.

Spatial resolution was measured using a custom-built wire phantom (QRM GmbH,
Möhrendorf, Germany). The phantom consisted of an 8-cm diameter cylinder of soft-tissue
equivalent polymer resin with five 25µm diameter tungsten wires embedded parallel to the
long axis (Figure 3A). One wire was located at the center of the cylinder, while the
remaining four wires were located at 90° intervals, 3-cm from the center. Tomographic
images were acquired transverse to the long axis of the phantom, to provide an estimation of
the in-plane point spread-function (PSF) (Figure 3B). The acquisition parameters for the
resolution measurement were set to be equivalent to the standard in vivo imaging protocol;
750 projections images (1536×110 after 2×2 pixel binning of the detector) were acquired
over 180° with a 100ms integration time. A total of 110 slices (9.02mm) were reconstructed
across a 126mm field of view (FOV), resulting in 82µm isotropic voxels. To standardize the
imaging location across HR-pQCT sites, a fixed offset (35.5mm) from the end of the
phantom was used for positioning the first slice.

EBS Phantom Imaging—A standard acquisition protocol for imaging the EBS phantom
was adapted from the manufacturer’s standard in vivo protocol described in previous patient
studies (1,2,8). A single projection radiograph was captured and subsequently used to
prescribe scan positioning for the tomographic acquisition. The operator selected a single
region that captured the five bone sections within the phantom (Figure 1B). The
tomographic acquisition consisted of 750 projection images for each 180° rotation (110 slice
stack spanning 9.02mm). Because the extent of the scan required coverage of approximately
75mm (915 slices), the entire acquisition required up to nine stacks. The X-ray tube voltage
was set to 900µA at all sites except one site (site E) that was set to 1000µA. The integration
time was set to 200ms to produce comparable noise performance in the phantom images to
in vivo images of the forearm. The total imaging time per phantom was approximately 45
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minutes. The projections were reconstructed across a 126mm FOV, discretized by a
1536×1536 image matrix, yielding 82µm isotropic voxels (Figure 1C).

Reproducibility Imaging—A series of imaging experiments were performed at nine
imaging centers to assess multi-center reproducibility of the HR-pQCT technique.
Additionally, short-, intermediate-, and long-term precision experiments were performed at a
subset of centers. Due to practical considerations (scanner access, cost, and personnel time),
repeat measurements were not acquired at all centers. Short-term reproducibility acquisitions
were conducted at three imaging centers (sites A, D, and H). Three repeat acquisitions for
each of the three EBS phantoms were performed within a maximum 72-hour window.
Intermediate-term reproducibility was assessed for three centers following X-ray tube (sites
A and H) and detector (site E) replacements. The interval between baseline and repeat
measurements was between 3 and 5 months. Longer-term reproducibility was monitored for
one center (site A) by imaging the EBS phantoms at 6-months, 21-months, and 28-months
after the baseline measurements.

Image Analysis
Noise and Spatial Resolution Analysis—The signal-to-noise ratio (SNR) was
calculated in the QC density phantom images (Figure 2). A concentric, cylindrical volume of
interest (VOI) was placed in the 800 mg HA/cm2 cylindrical region and the mean linear
attenuation value was calculated for the signal measurement. A similar region of interest
was placed in the 0 mg HA/cm2 region (homogeneous polymer) and the standard deviation
of the linear attenuation was calculated for the noise measurement. The ratio of these two
measures was calculated to represent the system’s SNR, with the mean and standard
deviation reported for each imaging center based on three repeat acquisitions.

The spatial resolution was estimated from the PSF images of the wire phantom (Figure 3B).
For each wire in the phantom image, a 32×32 neighborhood was identified around the
approximate wire location in the central slice. A super-sampled PSF was generated by
calculating the precise sub-voxel position of the wire in each slice according to the method
described by Kwan et al. (21). A normalized modulation transfer function (MTF) was
calculated from the Fourier transform of the PSF. The spatial resolution was defined as the
spatial frequency corresponding to 10% of the MTF height and was reported in µm.

EBS Phantom Image Pre-processing—Semi-automated pre-processing scripts were
developed in DIGITAL Command Language (DCL, Hewlett-Packard Company, Palo Alto,
CA) and Image Processing Language (IPL v5.08b, Scanco Medical AG). For each 5-section
phantom dataset, an operator identified the first complete slice of the first bone section.
Because the length and relative position of each section is known and fixed, the remaining
four sections could be automatically extracted and imported as unique measurements by the
pre-processing software. In this way each phantom scan was deconstructed into its
component sections for subsequent image analysis as individual pseudo-measurements.

EBS Phantom Image Analysis—Following the phantom image pre-processing, the
individual bone sections were processed using an analysis protocol adapted from the
manufacturer’s protocol for standard in vivo acquisitions (1,2,22). Unlike the manufacturer
protocol, which requires a trained operator to generate semi-automatic contours around the
periosteal surface, a fully automatic contouring algorithm was used to identify the periosteal
perimeter in the phantom images (11,23). This method was used to minimize operator bias
in the phantom analysis. A simple 2-D registration procedure was utilized to constrain the
volume of interest to a common region across all acquisitions in a set (22). The area
enclosed by the automatically generated contours was calculated on a slice-by-slice basis
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and cross-correlation was used to determine the slice offset for the maximal common VOI
between datasets.

Standard densitometric and microstructural indices were automatically calculated for each
co-registered VOI as described previously by Laib et al. (22). Trabecular bone volume
fraction (BV/TV) was derived from the volumetric BMD of the trabecular compartment
(Tb.BMD) using the assumption that compact bone has a matrix mineral density of 1200 mg
HA/cm3. Trabecular BMD was also calculated for two concentric sub-regions: a peripheral
region adjacent to the cortex (pTb.BMD) and central medullary region (mTb.BMD) (24).
The trabecular structure was extracted using a threshold-based binarization process (25).
From the binary image, trabecular number (Tb.N) was measured using the direct 3D
distance transform (DT) approach (26,27). Based on the densitometric BV/TV and direct
Tb.N, trabecular thickness (Tb.Th) and trabecular separation (Tb.Sp) were derived using
traditional plate model assumptions. In addition to the standard analysis, new methods were
applied to measure cortical bone structure (11,28). A direct measure of cortical thickness
(Ct.Th*) and the spatial variability in thickness (Ct.Th.SD) were calculated using the 3D DT
approach (26). Similarly, the DT was used to measure the mean intra-cortical pore diameter
(Po.Dm). Cortical porosity (Ct.Po) was measured by counting of intra-cortical void voxels in
the cortical envelope (28,29). Finally, the structure model index (SMI) was calculated for
the trabecular bone compartment (30).

µFE Analysis—Linear elastic micro-finite element analysis was performed for each co-
registered VOI. For each model the binary image data set was converted to a mesh of
isotropic hexahedral elements using a voxel conversion technique (31) and each element
was assigned an elastic modulus of 6.829 GPa (4) and a Poisson’s ratio of 0.3 (32). Cortical
and trabecular bone were labeled as different materials, with identical material properties to
facilitate calculation of compartmental load distribution. A uniaxial compression test in the
axial direction (superior-inferior) was performed with an applied strain of 1%. An iterative
solver (Scanco FE Software v1.12, Scanco Medical) was used to compute reaction forces at
the superior and inferior ends of the sections for the prescribed boundary conditions. The
model computations were performed at the UCSF/QB3 Shared Computing Facility – a
mixed architecture linux cluster comprised of approximately 4500 processor cores. The
apparent modulus and stiffness were calculated based on the reaction forces determined at
the superior and inferior boundaries. Additionally, the cortical load fractions were
determined at the proximal (Ct.LFprox) and distal (Ct.LFdist) boundaries of the VOI. Finally,
the estimated failure load was calculated using the method of Pistoia et al. (33), based on
criteria optimized for HR-pQCT: by back calculation of the reaction force at which 7.5% of
the elements exceed a local effective strain of 0.7% (34).

Statistics
For all reproducibility experiments the standard deviation (SD) and coefficient of variation
(CV) were calculated for each individual bone section and for each bone quality parameter.
The precision was summarized for each parameter by calculating the least significant change
(LSC) (35) and root mean square coefficient of variation (RMSCV expressed in %) (36). For
short- and intermediate-term reproducibility studies performed at three different imaging
centers, the mean LSC and RMSCV was calculated over the three sites, for each parameter.
The long-term and multi-center reproducibility were reported as the LSC and RMSCV
calculated over all time points and imaging centers, respectively. Analysis of variance
(ANOVA) was performed using JMP version 8 (SAS Institute Inc., Cary, NC USA). A one-
way ANOVA with Dunnett’s post hoc test was used to compare the LSC for each parameter
measured over intermediate, long-term, and across imaging centers to the LSC measured for
the short-term experiments. A significance level of p < 0.05 was used to identify parameters
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with significantly different intermediate- long-term, and multi-center reproducibility
compared to short-term reproducibility.

For graphical visualization of the variability among imaging centers, the measured value of
each parameter at each center was normalized to the mean across all centers for each bone
section. The mean normalized value over all bone sections was calculated. Similarly, the
progression of each parameter in the long-term reproducibility study was expressed as the
mean of normalized values with respect to the individual baseline value for each bone
section.

Results
Multi-center imaging performance

The noise performance for each site is presented in Figure 4A. The SNR ranged from 20.7 to
25.9 with a mean of 22.9±1.5. The spatial resolution (corresponding to the spatial frequency
at 10%-MTF) at all positions is summarized in Table 2, with the resolution of the center
wire presented in bar graph form in Figure 4B for comparison with the noise performance.
The highest resolution was found at the location near isocenter (137.6±11.1 µm), while
peripheral locations demonstrated systematically lower resolution performance. SNR was
positively correlated with the 10% MTF (R2=0.65, p < 0.01), indicating an inverse
relationship between noise and resolution performance. Representative EBS phantom
images for systems with image performance representing median noise/resolution, high
noise/resolution, and low noise/resolution are illustrated in Figure 5.

Short-term single-center reproducibility
The short-, intermediate-, and long-term precision values of all bone quality measures
determined for the EBS phantoms are reported in Table 3 and Figure 6A–D. The short-term
reproducibility expressed as the average RMSCV ranged from 0.3% to 0.6% for bone
density measures. The RMSCV for areal geometric measures were generally less than 1%,
while Ct.Th estimated using an annular model or using the direct 3D approach was just over
1%. The heterogeneity of cortical thickness was somewhat less reproducible (2.6%). Among
microstructure measures, Ct.Po and Po.Dm had the highest RMSCVs (7.9 and 5.9%,
respectively), which corresponded to LSCs of 0.5% and 30µm, respectively.

Intermediate-term single-center reproducibility
In general the precision of HR-pQCT measures over the course of several months, including
X-ray tube and detector repairs, tended to be slightly poorer compared to short-term
precision. However, a statistically significantly decrease in precision was only observed for
the peripheral trabecular BMD (pTb.BMD) and Tb.Ar (both p < 0.01 vs. short-term). While
the intermediate-term LSC of these measures were approximately twice that of their short-
term values, the RMSCV remained less than 1% for both. Systematic differences in the
individual CVs (ANOVA with Tukey-Kramer post hoc test) between the two machines that
had X-ray tube replacements and the machine that had a detector replacement were only
observed for integral BMD (X-ray change: 0.4%; detector change: 1.0%; p < 0.001) and
Tb.BMD (X-ray change: 0.6%; detector change: 1.4%; p < 0.0001).

Long-term single-center reproducibility
The evolution of bone quality measures in a single center over 28-months is illustrated in
line-graph form in Figure 6E–H. While integral and Ct.BMD remained within 1% of
baseline after 28-months, the lower numerical density parameters (Tb.BMD and its sub-
compartment variants) were ±2–4% different at 28-months. The 28-month LSC of density
measures ranged from 8.5 to 12.5 mg HA/cm3, all significantly greater than the
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corresponding short-term LSC (p < 0.05). Among structure measures, Ct.Po, Tb.Th, and
SMI had significantly larger LSC over 28-months compared to their short-term LSC (p <
0.01). Cortical bone geometry decreased 2–6% after 28-months, with the long-term LSC of
Ct.Th* significantly larger compared to short-term (p < 0.01). Biomechanical measures
remained within ±1% of the baseline value on average, except Ct.LFdist, which was 3% and
2% below baseline after 20- and 28-months.

Multi-center reproducibility
Compared to short-term single center precision (Figure 6A–D), bone quality parameters
measured using the EBS phantom at nine different centers were generally less precise, with
LSCs typically ranging from two-fold to eight-fold greater than their respective short-term
single-center values. All densitometric parameters had significantly poorer multi-center
precision (all p < 0.0001 vs. short-term single center LSC). The LSC of trabecular density
(all regions) was less than 15 mg/cm3, while integral and cortical BMD were somewhat
greater (22 and 57 mg/cm3, respectively). Among geometric and structure parameters, only
Ct.Th.SD and Po.Dm did not have significantly worse precision across sites, compared to
their respective short-term single center precision (22 µm and 24 µm, respectively). All
biomechanical measures were found to have significantly lower multi-center precision (p <
0.0001, except Ct.LFprox p < 0.001 vs. short-term) while all RMSCVs were 2.5% or less,
except Ct.LFdist (4.0%).

Multi-center variability
The variability of HR-pQCT-derived parameters among individual sites is illustrated in
Figure 7, where the averaged normalized values (with respect to the mean for each bone
section across all sites) are plotted by site. Densitometric measures spanned ±5% of the
mean, while geometric measures were generally within ±3% of each respective mean. The
exception was the standard measures of Ct.Ar and Ct.Th, where site E was a moderate
outlier (6.1% and 6.4% greater than the mean, respectively). Among structure measures,
Ct.Po showed the greatest relative variance, with site B +13.7% above and site G −23.9%
below the mean. For the remaining structure measures all sites were generally within ±7% of
the mean. As with the Ct.Po findings, the largest difference among sites for Tb.N was
observed between sites B and G. The variability among sites of apparent biomechanical
measures spanned ±2.5%, with site E being a positive outlier (+4.5%). Finally, cortical load
fraction at the distal boundary was more variable (±4.2%) than at the proximal boundary
(±2.0, p < 0.05 vs. Ct.LFdist).

Discussion
Translation of HR-pQCT to long-term, multi-center clinical research studies of bone health
requires the validation of standard techniques for the acquisition and analysis of images
across time and across different devices. Our goal is to develop a phantom data-driven
platform to optimize and validate standardized acquisition and post-processing procedures
for reliable application of high-resolution CT in multi-center imaging studies. In this initial
study, we have measured basic image performance properties of nine different first
generation HR-pQCT devices and determined the long-term and inter-scanner precision of
bone quality parameters – including bone density, geometry, microstructure, and strength.

The primary strength of this study is the use of a set of structure and material-realistic
phantoms to measure precision. The use of these phantoms allowed the practical assessment
of long-term and multi-center precision over 28-months and across nine different imaging
systems. Previously, reproducibility experiments have been primarily conducted in vivo and
limited to short- or intermediate-term scenarios in order to minimize confounding effects
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due to biological change (1,2,8,9,11,12,17). Cadaveric specimens have also been used to
assess short-term reproducibility (10), however these experiments, which used intact
forearms, are not practical for long-term or multi-center use.

Long-term single-center precision is critical for the design of longitudinal studies. The long
term LSC for density measures was approximately 10 mgHA/cm3. To put that into context,
the tolerance recommended by the manufacturer as part of the standard quality control (QC)
procedures, as measured in a simple hydroxyapatite phantom, is ±8 mgHA/cm3

(corresponding to 1% error for a cylindrical 800 mgHA/cm3 insert). Over the course of the
same 28-month period, the standard QC values were within this specified tolerance, except
immediately prior to the failure of an X-ray source. The precision errors for non-
densitometric parameters were not consistently poorer over the 28-month period compared
to short-term precision errors. A notable exception was Ct.Po, where the long-term LSC was
approximately double the short-term value. Changes in spatial resolution over time could
possibly explain these findings, however we do not have concurrent MTF measurements to
confirm this. Finally, it is worth acknowledging that long-term precision was only studied at
a single center. A more rigorous investigation of precision over a greater interval and on
more devices is an important priority of our ongoing effort.

Compared to single-center precision, essentially all bone quality parameters were
significantly less reproducible across different scanners. LSCs ranged from approximately
twice to five times as high as the short-term, single-center precision. While this indicates
inter-scanner differences are an important source of error, the ideal multi-center precision
errors (i.e. errors independent of subject motion) for non-densitometric parameters were
comparable to short-term precision errors measured in vivo with minor to moderate motion
(Scanco grade 1 and 2) (12,17). By contrast, inter-scanner precision errors for BMD
parameters, which are less sensitive to subject motion, were approximately twice what has
been reported in vivo (12). The comparability of microstructural parameters was particularly
sensitive to the imaging performance of each system (see Figures 4 and 7C). Sites with
relatively high SNR and low spatial resolution tended to have the lowest estimates of Tb.N,
while sites with relatively low SNR and high spatial resolution had the highest estimates of
Tb.N. Qualitatively, this is consistent with the variability in image quality observed for the
different systems, as illustrated in Figure 5. Although the RMSCV for Ct.Po was relatively
high compared to other parameters (RMSCV% > 15%), it is important to note that this
corresponds to a least significant change of 1.7% (in units of relative pore volume). To put
that into context, natural differences in porosity are quite large; in the distal radius Ct.Po has
been found to be approximately 90% greater in post- vs. pre-menopausal women (28,37),
124% greater in a type II diabetic female population compared to healthy age-matched
controls (38), and to increase by an estimated 300% from 20 to 90 years of age (39).

An important observation that becomes apparent when considering the variability among
sites (see Figure 7) is that individual sites have varying degrees of deviation for different
classes of parameters. For example, sites G and I were consistently outliers for densitometric
parameters. This may indicate X-ray tube properties of these scanners have deviated to a
greater extent from their baseline calibrations compared to other sites, warranting closer
scrutiny and possibly correction using the concurrent density QC scans. In contrast, site E
was a significant outlier for the standard cortical geometric measures, and to some extent the
µFE parameters. Possibly this suggests a relative overestimation of the cortical bone volume
during the thresholding process. That this site’s BMD parameters are average indicates that
the variability is not due to mis-calibration, but rather to variability in the attenuation values
themselves due to the greater tube current used at this site (1000µA) and/or differences in
the X-ray spectrum. Direct measurement of Ct.Th* (11), which has been shown to be more
accurate (29) and less sensitive to bone tissue attenuation differences (19), normalized
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cortical geometry for Site E. Finally, as discussed previously, the comparability of
resolution-sensitive parameters such as Tb.N and Ct.Po are likely driven by spatial
resolution and noise performance (sites B and G). Porosity measures derived from cortical
BMD (40) may minimize error related to resolution variability, however it is not clear what
other intrinsic sources of error would affect this approach. Collectively, these findings
indicate that variability in specific intrinsic sources of error among devices is common, and
that these properties affect precision in a parameter-specific fashion.

This study is also the first to report the impact of critical hardware replacement on the
precision of bone quality parameters measured by HR-pQCT. It was encouraging to note
that replacement of an X-ray source or detector did not significantly impact precision. This
observation is important, as it is relatively common for an X-ray source to be replaced
during the course of a typical two-year study.

An important caveat to our study is that the precision errors measured with the EBS
phantom underestimate the absolute error expected for an in vivo measurement. Our data
reflect the cumulative effect of intrinsic variability in the measurement (e.g. machine
performance, geometric calibration) as well as the limitations and assumptions inherent to
the reconstruction and post-processing procedures (e.g. the beam hardening-correction,
segmentation algorithm, morphometry methods). However, in vivo measurements are
additionally confounded by subject motion (12,17,18). This represents a significant and
independent source of error that compounds the overall error in a clinical measurement.
Variability introduced by subject motion is not inherently time or scanner dependent.
Therefore, while the phantom-based design of this study has the advantage of isolating the
intrinsic errors that are the most relevant to comparability across devices and time, this must
be considered an estimate of the ideal precision under these circumstances.

Several limitations to this study should be acknowledged. First, the cadaveric specimens
included in the EBS phantoms were from relatively old men and women (range 60–88
years). While this represents a clinically important population for age-related osteoporosis,
the precision results may not translate to younger populations with different bone quality
profiles. Furthermore, these phantoms only included distal radius specimens, and therefore
are not suitable for estimating the precision error at the distal tibia. Collectively, the
literature suggests that in vivo precision errors are possibly lower in younger populations
compared to elderly, and higher at the forearm compared to the ankle (8,9,11,12). However,
it is likely these trends are driven by the differences in the prevalence of subject motion
rather than age or site-related differences in bone size or quality. Finally, it is not possible to
rule out physical changes in the EBS phantoms over time. While nothing has led us to
believe significant physical changes did occur, it was not possible to definitively evaluate
this non-invasively.

The information from our multi-center precision results and the phantom image data
collected will be critical for the development of targeted cross-calibration procedures. As
discussed above, the precision results provide specific insight into important sources of error
in bone quality measurements monitored over the long-term on a single scanner as well as
pooled across multiple scanners. This knowledge can inform the direction of research into
appropriate cross-calibration procedures and improved post-processing techniques that
minimize these errors. Furthermore, the data itself could be exploited to derive parameter-
specific numerical corrections to standard scales (41–43). Finally, the data can be used to
optimize and validate independently developed cross-calibration and post-processing
methods. This will likely be critical for the broader application of standardization procedures
because the EBS phantom design (i.e. comprising unique cadaveric bone specimens) is not
suitable for mass production. For example, an idealized phantom design, such as the
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European Forearm Phantom (44,45), could potentially be used to routinely derive correction
factors using procedures validated in EBS phantom data.

In summary, the results presented in this study are the first to describe the comparability of
bone quality measures performed on different HR-pQCT scanners. Our principal finding is
that intrinsic variability between scanners is comparable in magnitude to, and entirely
independent of, error introduced by a mild amount of patient motion. This information alone
could have immediate impact on the design of multi-center HR-pQCT studies currently
being planned. Precision data derived from single-center reproducibility experiments likely
leads to an underestimation of the number of subjects needed to achieve a given level of
statistical power in long term and multi-center study designs. Finally, these image datasets
and the knowledge garnered from the precision results of this study can form the
fundamental basis for the development of cross-calibration and standardization procedures.
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Figure 1.
The UCSF Extremity Bone Structure (EBS) phantom is shown in a photograph (A). Each
phantom consists of a 7-cm diameter cylinder of soft-tissue equivalent polymer resin. Each
cylinder contains five 1-cm thick cadaveric bone embedments (B), sectioned from the distal
radius at a location corresponding to the standard location for an in vivo HR-pQCT exam
(9.0-mm proximal to mid-point of the distal endplate). The phantom uses custom brackets
for standardized mounting on the scanner gantry. A representative image for one bone
section is shown on the right (C).
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Figure 2.
The noise performance of each imaging system was assessed in a single phantom designed
for routine density calibration and daily quality control. The signal to noise ratio (SNR) was
calculated as the ratio of the mean attenuation of the high-density cylinder (µ, green region)
to the standard deviation of the attenuation in the tissue-equivalent background (σµ, red
region).
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Figure 3.
The resolution performance of each imaging system was measured by estimating the point
spread function (PSF) from images of a custom wire phantom (A). The phantom consisted
of five 25-µm tungsten wires oriented parallel to the long axis of an 8-cm cylinder of tissue-
equivalent polymer resin. One wire was located at the center, while the other four were
located 3-cm from the center at 90° intervals. From the reconstructed image of the wire
cross-sections (B), the PSF is estimated and then the resolution is calculated from the spatial
frequency corresponding to 10% of the MTF (C).
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Figure 4.
The noise and spatial resolution of the individual HR-pQCT systems from the nine imaging
centers participating in this study is presented in bar graph form. Above (A) the noise
performance is characterized by a simple SNR measurement in the standard QC density
phantom with error bars indicating the standard deviation of SNR for three repeat scans.
Below (B), the spatial resolution is estimated to be the spatial frequency corresponding to
the 10%-height of the modulation transfer function (MTF).
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Figure 5.
HR-pQCT images of the UCSF EBS Phantom from three different imaging centers that
represent the median SNR and resolution performance (site E, top), a high-resolution, high
noise system (site B, middle), and a low resolution, low noise system (site G, bottom). For
each image the mean SNR and spatial resolution (10% MTF) at the center of the FOV are
indicated.
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Figure 6.
On top (A–D) are summary bar graphs of the reproducibility of select HR-pQCT measures
expressed as RMSCV [%] over short- (<72 hours), intermediate- (3–5 months), and long-
term (28 months) for single centers (black, dark grey, light grey, respectively) compared to
the multi-center reproducibility of nine different systems (white). On the bottom (E–H) are
line graphs illustrating the stability of select HR-pQCT measures monitored at a single site
over the course of 28 months. All values were normalized to the baseline for visualization
purposes.
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Figure 7.
The comparability of individual imaging systems is illustrated in this figure for the standard
density (A), geometric (B), microstructural (C), and biomechanical (D) parameters. For each
parameter the value measured for each 1-cm bone section was normalized to the mean value
of that section across all nine systems. These graphs represent the mean normalized value
for each parameter at a given center.
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Table 1

Descriptive statistics for donor radius specimens

units avg ± sd

n [ ] 14

n men/women [ ] 7/7

Age yrs 76.4 ± 8.6

BMD mg/cm3 327 ± 72

Ct.BMD mg/cm3 769 ± 130

Tb.BMD mg/cm3 214 ± 54

Ct.Th* [mm] 0.64 ± 0.30

Ct.Po [%] 3.9 ± 2.6

Po.Dm [µm] 190 ± 31

Tb.N mm−1 1.63 ± 0.41

Tb.Th µm 111 ± 14

Tb.Sp µm 561 ± 253

Tb.Sp.SD µm 286 ± 194
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