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Abstract
Image quality degradation due to subject motion is a common artifact affecting in vivo high-
resolution peripheral quantitative computed tomography (HR-pQCT) of bone. These artifacts
confound the accuracy and reproducibility of bone density, geometry, and cortical and trabecular
structure measurements. Observer-based systems for grading image quality and criteria for
deciding when to repeat an acquisition and post hoc data quality control remain highly subjective
and non-standardized. This study proposed an objective, quantitative technique for measuring
subject motion in HR-pQCT acquisitions from the raw projection data, using image similarity
measures applied to the parallelized projections at 0° and 180°.

A total of 88 HR-pQCT exams with repeated acquisitions of the distal radius (N=54) or distal tibia
(N=34) of 49 women (age = 59 ± 14 yr) and 3 men (46 ± 2 yr) were retrospectively evaluated. All
images were graded from 1 (no visible motion artifacts) to 5 (severe motion artifacts) according to
the manufacturer-suggested image quality grading system. In addition, to serve as the reference
case without motion artifacts, two cadaveric wrists and two ankles specimens were imaged twice
with repositioning. The motion-induced error was calculated as the percent difference in each bone
parameter for the paired scans with and without visually apparent motion artifacts. Quantitative
motion estimates (QMEs) for each motion-degraded scan were calculated using two different
image similarity measures: sum of squared differences (SSD) and normalized cross-correlation
(NCC).

The mean values of QMESSD and QMENCC increased with the image quality grade for both radius
and tibia. The quality grades were differentiated between grade 2 and 3 using QMESSD, but not
with QMENCC, in addition to between grade 4 and 5. Both QMEs correlated significantly to the
motion-induced errors in the measurements and their empirical relationship was derived. Subject
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motion had greater impact on the precision of trabecular structure indices than on the
densitometric indices.

The results of this study may provide a basis for establishing a threshold for motion artifacts in
accordance to the study design as well as a standardized quality control protocol across operators
and imaging centers.
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INTRODUCTION
An increasing number of single and multi-center research and clinical studies of issues
related to skeletal health have used high-resolution peripheral quantitative computed
tomography (HR-pQCT) for non-invasive, in vivo assessment of trabecular bone structure in
the peripheral skeleton. The accuracy for estimating density, cortical geometry, trabecular
structure, and mechanical parameters (using micro-finite element modeling) has been
validated against gold-standard measurements [1–6]. The in vivo reproducibility (CVrms) for
densitometric measures and trabecular structure indices are less than 1% and approximately
4.5%, respectively [3, 7–9]. The finite precision of these measurements can be attributed to
intrinsic performance limitations of the scanner hardware and image formation process,
operator-related reproducibility of the acquisition and analysis procedures, limitations of the
applied image processing routines, and subject motion.

Subject motion has been, and remains, a challenge in obtaining reliable HR-pQCT scans for
quantitative analysis. Repeat acquisitions are often necessary to obtain images of adequate
quality. Although it takes less than 3 minutes for image acquisition during the standard in
vivo protocol, motion artifacts are commonly observed in the reconstructed images (Figure
1), especially when imaging the forearm [3]. Subject movements during HR-pQCT image
acquisition can include tremor, twitch/spasm, and gradual translations or rotations. Unlike
periodic motion due to respiration, cardiac motion, blood flow, etc., these involuntary,
random motions are difficult to predict and monitor.

Subject motion during image acquisition can result in severely degraded HR-pQCT image
quality in vivo. It introduces substantial error, diminishing the accuracy and reproducibility
of measurements obtained from the images. Longitudinal changes in density, cortical
geometry, and trabecular structure measurements in postmenopausal women after being on
anti-resorptive treatment for 12 months are at the same order of magnitude as the
reproducibility [10–12]. However, individual errors can be as high as 12% and 30% with
severe motion artifacts (unpublished data). Indices that describe trabecular structure are
likely more prone to such errors compared to densitometric indices [3]. Because trabeculae
span only 1–3 voxels in width, the depiction of the trabecular structure is subject to
significant, variable partial volume averaging – a challenge for threshold-based analyses.

The detection and correction for subject motion in tomographic image data has been the
subject of considerable research effort [13–18]. As three-dimensional computed tomography
images are reconstructed from a series of projection images collected across 180° over a
certain integration time, subject motion during acquisition modifies each projection
according to its magnitude, mode, and timing. Therefore, the set of projections collected
during a tomographic acquisition encode temporal and spatial information of the motion.
The majority of approaches focus on an analysis of sinogram shape. The edge of an object in
the projection appears sinusoidal in the sinogram space, hence the deviation from the
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idealized sinusoidal line is assumed to be due to subject motion. Fiducial markers [14], or
anatomical landmarks are often traced in the sinogram space.

In an effort to provide a guideline for grading image quality, the manufacturer has provided
a qualitative grading system according to the apparent severity of motion artifacts in the
image (Figure 1). The criteria for grading, however, are highly subjective, are not based on a
quantitative measurement, and have not been related to error in bone quality outcome
parameters. While this image quality grading system can distinguish the worst image quality
(grade 4 or 5) from the best quality (grade 1 or 2), the discriminatory power is not linear or
reliable (unpublished data).

If subject motion in the image can be quantified, the magnitude of motion-induced error in
the measurements can be predicted. Such a procedure is essential for establishing not only a
threshold for motion artifacts in order to control for image quality to detect the difference in
accordance to the study design, but also a standardized quality control protocol across
operators and imaging centers. It also allows realistic assessment and comparison across
study results that use in vivo HR-pQCT. Therefore, an objective, standardized procedure for
repeating the acquisition based on empirical data that allows immediate decision-making in
a clinical setting is necessary.

The objective of this study is three-fold: (1) to develop a metric for quantifying subject
motion objectively during an HR-pQCT acquisition (quantitative motion estimate, QME),
and (2) to define parameter-specific relationships between the metric and expected precision
error.

METHODS
1. Proposed method for an objective detection of subject motion

In this study, we propose an objective technique for measuring subject motion based on a
comparison of image similarity measure of the parallelized projections acquired at 0° and
180°. Figure 2 summarizes the workflow of the proposed method for measuring the amount
of motion during a single acquisition quantitatively. The proposed method is based on the
assumption that if there was absolutely no motion, parallel projection images at 0° and 180°
are mirror images. Any differences between these two parallel projections were, therefore,
assumed to be primarily due to subject motion during the acquisition. Therefore by
comparing the differences between parallel projection images at 0° and mirrored parallel
projection images at 180° using a similarity measure, the subject motion can be estimated
(Figure 3).

1.1 Parallelization—Divergence the cone-beam configuration of x-ray beam used in the
current CT image acquisition introduces magnification that results in dissimilarity in the
projections at 0° and 180° due to differences in object location with respect to the source and
detector. To eliminate this magnification, a series of cone-beam projections is reformatted to
a series of parallel projections (in the azimuthal/fan-beam plane). First, the dark and flat
field intensities were corrected in each raw projection image. Parallel rays were collected
over an interval of projections equal to the fan angle of the beam (Figure 2).

To construct a parallel projection image at an angle from the acquired raw cone-beam
projection data, the beams extracted from 78 sequential projections spanning ±9.32° degrees
(Figure 2), given the geometry of HR-pQCT scanner (XtremeCT, Scanco Medical,
Brüttisellen, Switzerland) and acquisition protocol used in this study. The resulting parallel
projection image at each angle, therefore, contained both spatial and temporal information
collected over this range. A total of 3 parallel projection images at 0°, 0.24° (the second
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acquired projection), and 180° were constructed from the raw cone-beam projection using
the manufacturer-provided algorithm prior to the calculations of the similarity measures.
The resulting images correspond to the palmar and dorsal projections for the radius, and the
medial and lateral projections for the tibia (Figure 2).

The parallel projection image at 180° was then mirrored with respect to the center of rotation
on the detector to match and to be compared to the parallel projection image at 0° (Figure 2).
Finally, a fixed threshold was applied to the parallel projection image at 0°, to identify the
region containing bone along the long axis of the detector. On average, this bone region
spanned 528 pixels and 598 pixels out of 1536 pixels for the radius and tibia, respectively.
The QMEs were calculated in the same region of both images.

1.2 Quantitative Motion estimates (QMEs)—The proposed motion estimate utilizes a
similarity measure to compare the mirrored parallel projection image at 180° and the parallel
projection image at 0°. Two similarity measures, the sum of squared intensity difference
(SSD) and normalized cross correlation (NCC) were examined.

Similarity measures are metrics that assess the degree to which two images are comparable,
and they have been the essential part of motion detection and image registration. These
include sum or mean of squared intensity difference, cross correlation, ratio image
uniformity, and mutual information. The former three measures are intensity-based methods,
therefore, work better for images from the same modality as the image intensity is the same
[19]. Among these measures, the sum of squared intensity difference (SSD) and normalized
cross correlation (NCC) have successfully been used to compare projection images in
sinogram-based motion detection [15].

Let f be the fixed image (the projection image at 0°) and g be the moving image (the
projection image at 180°). The SSD and NCC are given by

where N is the number of voxels and fi and gi are the intensity values of the ith voxel. The
greater the difference between the two images (due to motion) (Figure 3), the larger the
SSD. Similarly, for NCC, the greater the difference between the two images, the larger the
deviation from 1.

To account for inherent variability in bone size, density, positioning, and other covariates
among subjects that may affect the magnitude of each measure, the similarity calculations
were additionally performed between the projection images at 0° and the second acquired
projection at 0.24°. These reference measures served as an internal control for each scan,
and were assumed to reflect the subject-specific projection similarity with virtually no
motion. In other words, all similarity measures between the projection images at 0° and 180°
were normalized by the similarity measures between the projection images at 0° and 0.24° to
account for differences bone size and density. QMEs are, therefore, dimensionless. While
this ratio increases for SSD, it increasingly deviates from 1 for NCC with increased
difference between the projection images at 0° and 180°. Therefore, the normalized NCC is
subtracted from 1, so that the resulting QMENCC increases with the degree of subject
motion. Furthermore, to match the dynamic range to SSD, the motion estimate based on
NCC are squared then multiplied by 100. Finally, the SSD- and NCC-based QMEs are given
by:
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Only the QMEs of the image with worse grade of a pair were included, as no a priori
knowledge of the degree of motion artifact in the reconstructed image is available in a
clinical setting. Motion estimate calculations were implemented using Matlab (Mathworks,
Natick, MA).

2. HR-pQCT image acquisition
Subjects were imaged at least twice in a clinical HR-pQCT system (XtremeCT, Scanco
Medical AG, Brüttisellen, Switzerland) using the manufacturer’s standard in vivo protocol
[3, 7, 8, 20–22]. Each subject’s forearm and lower leg were positioned in the thumb-up and
toe-up positions, respectively. They were then immobilized in corresponding carbon-fiber
molds, and fixed to the scanner to minimize motion during acquisition. A 9.02-mm-long
section (110 slices) of the radius and tibia was imaged starting at 9.5 mm and 22.5 mm
proximal to the distal endplate, respectively, extending proximally. The non-dominant side
was scanned unless there was a history of fracture, in which case, the contra-lateral side was
scanned. The cadaveric specimens were imaged twice with repositioning in the same
manner.

The x-ray source potential was 60 kVp with a current of 900 μA. A two-dimensional
detector containing 3072 × 256 CCD elements was used to acquire 750 projections over 180
degrees with at a 100 ms integration time per angular position. The 12.6 cm field of view
was reconstructed across a 1536 × 1536 matrix, yielding 82 μm isotropic voxels. Image
acquisition time was 3 minutes per scan. Images were immediately reviewed for motion
artifacts in a single low-resolution reconstructed image. Acquisition was repeated if obvious
artifacts were detected. The effective dose was 3 μSv per measurement.

Attenuation values were converted to equivalent hydroxyapatite density (mg HA/cm3) using
a linear relationship based on a phantom containing cylinders of HA-resin mixtures with five
different concentrations (0, 100, 200, 400, and 800 mg HA/cm3) (QRM, Moehrendorf,
Germany). For quality control, the linear attenuation values of the phantom were monitored
daily.

3. HR-pQCT image analysis
The images were segmented and processed in accordance with the standard patient-style
analysis protocol using Image Processing Language (Scanco Medical AG, Brüttisellen,
Switzerland) as described elsewhere [3, 7, 8, 20–22]. First, a semi-automated edge-defining
algorithm was applied to the original grayscale image to contour the periosteal surface. The
total volumetric bone mineral density (BMD) was calculated within this contour. The
cortical and trabecular regions were segmented automatically by the analysis protocol as
described in detail by Laib et al [23]. Cortical and trabecular volumetric BMDs (Ct.BMD
and Tb.BMD, respectively) were calculated as the mean density within the segmented
corresponding volume of interest. Cortical thickness (Ct.Th) and cortical area (Ct.Ar) were
calculated using an annular model approximation [24].

Calculation of the trabecular densitometric and structural indices from HR-pQCT images
has been described [23], validated [2, 25, 26] and employed in a number of recent studies [3,
7–9, 20, 22, 27]. Trabecular bone volume fraction (BV/TV) is derived from Tb.BMD
assuming fully mineralized bone to have 1200 mg/cc HA. From the binary image, trabecular
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number (Tb.N) was obtained as the average distance between trabecular mid-axis [28, 29].
In addition, trabecular -thickness (Tb.Th), and -separation (Tb.Sp) were derived from Tb.N.

These density, cortical geometry, and trabecular structure measurements were assessed only
in a common volume of interest (VOI) between two repeated measurements. The common
volume of interest is identified using software provided by the manufacturer in the following
manner. The periosteal cross-sectional area (CSA) was first calculated on a slice-by-slice
basis for each measurement. Cross-correlation was used to determine an optimal offset
between the measurements to match the CSA between scans. On average, common volume
of interest between two repeated measurements accounted for 94% of a full volume
acquired.

4. Image quality grading
Two trained observers independently graded all the images according to the manufacturer-
suggested image quality grading system (Figure 1). Grading was based on the apparent
severity of motion artifacts in the 3 slices (at the middle and both proximal and distal end
slices) of the reconstructed image. In case of disagreement, a consensus grade was decided
mutually.

5. Dataset
5.1 In vivo data—All datasets with repeated acquisitions of the same site acquired during
a single exam collected for various studies conducted in our laboratory over the past 5 years
were retrospectively evaluated. For this study, all exams with pairs that include at least one
grade 1 image (no visible motion) were included. A total of 88 pairs of HR-pQCT images of
the distal radius (N=54) and tibia (N=34) acquired for 49 women (age = 59 ± 14 yr) and 3
men (46 ± 2 yr) resulted. The number of pairs in each grade combination is summarized in
Table 1. All subjects gave written informed consent prior to participation to each study. The
protocol was approved by the University of California, San Francisco Committee on Human
Research.

5.2 Specimens—To serve as the reference case without subject motion (image quality
grade = 0), a total of 4 pairs of HR-pQCT images of the distal radius (N=2) and tibia (N=2)
acquired for two wrists and two ankles specimens with intact hands, foot, and full
surrounding soft tissues were obtained from four human donors post mortem (three males
and one female, aged 74 ± 2.4 years; acquired from National Disease Research Interchange,
Philadelphia, PA). Each pair contained two repeated images with repositioning.

6. Statistical Analysis
The Shapiro–Wilk W test was used to test the normality of the data. As most QMEs and the
bone indices were not normally distributed, non-parametric methods were employed. First,
to put it in a perspective, the variability of the QMEs was compared against the quality
grade. Both the in vivo and specimen data were used regardless of pairing. Dunett’s test was
used to contrast the QMEs grouped by their qualitative grade, against the reference values
obtained from the images of cadaveric specimens (“Grade 0”). To further contrast between
individual grades, Wilcoxon/Kruskal-Wallis (WKW) tests and post hoc (Siegel) Tukey HSD
tests were applied.

The percent difference in the cortical and trabecular densitometric, geometric, and structure
indices were calculated between the images with and without motion artifact as the error
introduced by the motion artifact. Regression analyses were performed to establish the
relationship between the QMEs and the absolute degree of motion-induced error in the
calculated bone indices from the paired analysis. Mixed-effect regression analyses were
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employed, in which the subjects were treated as the random effect to account for the
multiple measurements per person (e.g. multiple pairs were included for subjects with more
than 2 acquisitions). The regression coefficients of the QMEs were reported. The
significance was set at α = 0.05. All statistical tests were performed using JMP (version 7.0,
SAS Institute Inc., Cary, NC).

RESULTS
Variability of the QMEs with respect to image quality grade

Figure 4 displays the variability of the QMEs with respect to the image quality grade of the
reconstructed HR-pQCT images at the distal radius and tibia. Both the mean values and
variability (range) of the QMESSD and QMENCC increased proportionally with subject
motion as measured by the image quality grading. Compared to that of the reference images
with no motion (grade 0, from cadaveric specimens with repositioning), the mean values of
QMESSD were significantly higher for the images graded 3 or higher at the radius (p < 0.05)
and 4 or higher at the tibia (p < 0.001) (Figure 4). Similarly, the mean values of QMENCC
were significantly higher for the images graded 2 and up at the radius and 3 and up at the
tibia compared to that of the reference images (both p < 0.05) (Figure 4). Tukey HSD tests
revealed that the mean values of QMESSD were significantly higher for the images 3 and up,
as well as 5, compared to the images with lower grade for both radius and tibia. The mean
values of QMENCC were not significantly different between the images with adjacent grades
(e.g. 1 and 2, 2 and 3, and 3 and 4), except for between the images graded 4 and 5.

Relationship between the QMEs and the error in the indices
Mixed-effect regression analyses revealed significant associations between the degree of
errors in all of the calculated indices and the QMEs (Table 2). The coefficients for the
trabecular structure indices were larger than for the densitometric and cortical geometry
indices for both estimates. For instance, to put it in a context, for every unit of increase in
QMESSD, the error increases by 0.5% and 0.2% in Tb.BMD, 0.3% and 0.5% in Ct.Th, but
1.2 and 1.5% in Tb.N at the distal radius and tibia, respectively. Similarly, for every unit of
increase in QMENCC, the error increases by 1.4% and 0.6% in Tb.BMD, 1.0% in Ct.Th, but
3.7% and 4.9% in Tb.N at the distal radius and tibia, respectively.

DISCUSSION
In this study, we proposed an objective, standardized procedure for repeating the HRpQCT
acquisition using a quantitative motion estimate (QME), where the parallelized projection
images at 0° and 180° were compared using a similarity measure. Figure 4 exhibits the
overlapping ranges of QMEs between adjacent image quality grades, particularly among
image grade 0 to 2, and 3 and 4. This highlights the subjective nature of the quality grading
system and need for a quantitative estimate technique for measuring subject motion as
proposed in this study. Both QMEs were significantly and strongly related to the motion-
induced errors in the density, cortical geometry, and trabecular structure indices and their
empirical relationship was laid out.

Two similarity measures, SSD and NCC, were examined for the use in the proposed
procedure. Both SSD- and NCC-based QMEs (QMESSD and QMENCC, respectively)
increased proportionally with image quality grade as assessed by two trained observers. The
image quality grades were differentiated between grade 2 and 3 using QMESSD, but not with
QMENCC, in addition to between grade 4 and 5 (Figure 4). This may be attributed to SSD
being robust against the object shape, the geometry of the CT system, and beam hardening
effects as found in the sinogram-based motion detection [15]. NCC is most suitable for
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detecting small affine translation; however, it is less sensitive to a large translation [30, 31]
as well as with noisy images as the peak of correlation may be skewed by a local maximum
[32]. The performance of QMENCC, therefore, may be improved by removing noise with a
low-pass filter.

As measured by the proposed QME, image quality degradation due to subject motion had a
greater impact on the precision of trabecular structure indices than on the densitometric
indices. This is consistent with generally poorer in vivo reproducibility of micro-structural
measures reported by a number of groups [3, 7–9]. The mean percent age-related difference
in Tb.BMD, Ct.Th, and Tb.N at the distal radius in women are approximately −3.2%,
−5.2% and −3.2% per decade, respectively [33, 34]. For Tb.BMD and Ct.Th, such degree of
error is expected from the images with QMESSD = 2.6 and 3.8, and QMENCC = 7.4 and 19,
respectively, which corresponds to upper bound of the images with quality grade 3 score or
higher; For Tb.N, however, a 3.2% of error can be achieved with QMESSD = 1 and
QMENCC < 0, therefore, no subject tolerated. Similarly, the mean differences in Tb.BMD,
Ct.Th, and Tb.N at the distal radius between premenopausal women and postmenopausal
osteopenic and/or osteoporotic women are up to −36.7%, −39.4% and −22.7% [7, 35].
While QME associated with such degree of difference in Tb.BMD and Ct.Th is beyond the
range observed in this study, QMESSD = 3.8 and QMENCC = 14.8 is enough to introduce
22.7% error in Tb.N, which is within the range for image graded 5 (Figure 4).

The strength of the proposed approach for detecting subject movement during HR-pQCT
image acquisition is that it is quantitative (objective) and implementable for a clinical use.
Since the proposed method is objective approach to quantify subject motion, a decision for
repeating the acquisition can be standardized across operator, scanner, and sites for a large-
scale study. The use of raw projections for the motion detection process allows an
immediate response in case a motion artifact is suspected without waiting for the
reconstruction process to complete. The clear definition of the acceptance/rejection criteria
saves the subject from unnecessary radiation exposure.

The empirical relationship between the QMEs and the errors in the calculated indices
reported in this study can be a basis for establishing a threshold in which to accept or reject
an image or to include or exclude a measurement that fits the specific study design. For
instance, if a study objective is to detect a 5% difference in a densitometric or cortical index,
a threshold for motion artifact can be set at QMESSD = 3 and QMENCC = 11, based on %
ΔTb.BMD at the distal radius (Table 2). According to Figure 4, they are approximately at
the upper bound of the typical range of the respective motion estimate for the images with
grade 4 motion artifacts. However, if a study objective is to detect a 5% difference in Tb.N,
a threshold is at 1.2 and 0, respectively. Therefore, no subject motion can be tolerated.

There are several technical limitations inherent to the proposed method worth noting. The
fact that the HR-pQCT image acquisition process does not cover a full 360° means that only
0° image and the mirrored 180° images can be compared. Although temporal and spatial
information are contained in the 78 sequential cone-beam projections that are utilized to
construct the parallelized 0° image and 180° projections, this accounts for just 20% of the
entire acquired time (Figure 2). The information contained in the remaining 80% is not fully
utilized. For instance, if the arm or leg twitched and came back to the exact same spatial
location within this interval, it will be undetected when comparing 0° and 180° images; yet
the reconstructed images will still exhibit motion-degradation.

Furthermore, motion estimates based on a similarity measure between the first and last
projections as well as image quality grading system likely have variable sensitivity to
magnitude and different modes of motion. First, the magnitude has to be large enough to
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cause a detectable difference between 180° image and 0° image. Second, it is reasonable to
expect that the proposed method is more sensitive to permanent translation parallel to the
detector plane. Conversely, it is less sensitive to translation perpendicular to the detector
plane. Their relative sensitivity for other modes of subject movement, such as rotational
displacement, however, is not clear. Therefore, the correlation between the degree of error in
the index of interest and the magnitude and mode of motion must also be elucidated. A
future study should evaluate the sensitivity of the proposed method in detecting both
rotational and translational movements in a controlled manner.

In conclusion, an objective technique for measuring subject motion during HR-pQCT image
acquisition has been proposed, in which the parallelized projection images at 0° and 180°
were compared using a similarity measure. This study is an attempt to quantify the subject
movement during HR-pQCT image acquisition in vivo, as well as to quantify the impact of
such motion on trabecular structure indices. The results of this study may provide a basis for
establishing a threshold for motion artifacts in accordance to the study design.
Consequently, a quality control protocol for providing the operator with immediate feedback
on image quality and for post hoc inclusion/exclusion quality control can be standardized.
Ultimately such practice will results in allowing realistic interpretation and comparison
across study results that was assessed using in vivo HR-pQCT.
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Figure 1.
Image quality grading guideline suggested by the manufacturer and representative
reconstructed grayscale image of the distal radius for each grade.
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Figure 2.
Schematic drawing explaining the analysis process. Two parallelized projection images at 0°
and at 180° are each reformatted from a continuous sequence of 78 cone-beam projections.
The 180° projection was mirrored and compared to the 0° projection to calculate SSD and
NCC-based estimates of motion (QMESSD and QMENCC, respectively). For the ideal case
where there is no motion, the difference image between the two parallelized projection
images should be zero.
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Figure 3.
Comparison of radius scans from a subject with a grade 1 score (left) and a grade 5 score
(right). From the top: the reconstructed images, parallelized projection images at 0°, flipped
parallelized projection images at 180°, and the difference images of the two. For grade 5, the
flipped parallelized projection image at 180° is shifted to the right with respect to the
parallelized projection image at 0°. This offset is also apparent in the difference image with
more defined edges of the projected bone contour
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Figure 4.
Variability of the QMEs with respect to the image quality grade of the reconstructed HR-
pQCT images at the distal radius (gray) and tibia (black). ap < 0.05; bp < 0.01; cp < 0.001; dp
< 0.0001 with respect to the quality grade 0 (cadaveric specimens with repositioning)
determined by the Dunett’s test.
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Table 1

Number of samples in each grade pair.

Pairs
N

Total N Radius Tibia

1-1 14 4 10

1–2 23 16 7

1–3 36 24 12

1–4 11 8 3

1–5 4 2 2

TOTAL 88 54 34
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