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Abstract
Purpose—Peripheral quantitative computed tomography (pQCT) is an essential tool for
assessing bone parameters of the limbs, but subject movement and its impact on image quality
remains a challenge to manage. The current approach to determine image viability is by visual
inspection, but pQCT lacks a quantitative evaluation. Therefore, the aims of this study were to (1)
examine the reliability of a qualitative visual inspection scale, and (2) establish a quantitative
motion assessment methodology.

Methods—Scans were performed on 506 healthy girls (9–13yr) at diaphyseal regions of the
femur and tibia. Scans were rated for movement independently by three technicians using a linear,
nominal scale. Quantitatively, a ratio of movement to limb size (%Move) provided a measure of
movement artifact. A repeat-scan subsample (n=46) was examined to determine %Move’s impact
on bone parameters.

Results—Agreement between measurers was strong (ICC = .732 for tibia, .812 for femur), but
greater variability was observed in scans rated 3 or 4, the delineation between repeat or no repeat.
The quantitative approach found ≥95% of subjects had %Move <25%. Comparison of initial and
repeat scans by groups above and below 25% initial movement, showed significant differences in
the >25% grouping.

Conclusions—A pQCT visual inspection scale can be a reliable metric of image quality but
technicians may periodically mischaracterize subject motion. The presented quantitative
methodology yields more consistent movement assessment and could unify procedure across
laboratories. Data suggest a delineation of 25% movement for determining whether a diaphyseal
scan is viable or requires repeat.
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Introduction
Peripheral quantitative computed tomography (pQCT) continues to gain wider acceptance as
a research standard for assessing bone properties and more recently soft tissue composition.
Its ability to measure volumetric bone mineral density (vBMD) is an improvement over
predecessors such as dual-energy X-ray absorptiometry (DXA) where measurements of
areal BMD are confounded by size (changes in tissue depth) [1]. In addition to vBMD,
pQCT provides measures of bone geometry, which in combination with vBMD can be used
to calculate indices of bone strength, and delineation of cortical from trabecular bone, all
previously unattainable at an equivalently low radiation exposure. The ability to distinguish
between trabecular and cortical bone is an important advantage as these compartments have
been shown to respond differently to stimuli such as hormonal changes, mechanical forces,
and disease-related stresses [2]. pQCT has also been shown to be useful for measuring soft
tissue components, including various muscle and fat indices, at the diaphyseal regions of the
limbs [3–5]. Given the established relationships between muscle and bone [6,7], the interest
in the effect of fat mass on bone [8,9], and more recently, the relationship of muscle quality
to bone [10], pQCT’s ability to simultaneously examine both bone and soft tissue at a low
radiation dose is particularly valuable.

Despite these advantages, pQCT also has limitations [2,11,12]. For example, partial volume
effects have been shown to result in underestimation of cortical vBMD [13,2,14–16],
although algorithms have been established to compensate for this limitation [17]. In
addition, longitudinal measurements of children may be complicated by developing growth
plates in long bones, which make consistently locating reference lines more difficult. pQCT
is also limited by varying methodologies and a lack of evidence on which to determine a
basis for any single method [16]. Measurement sites have varied among studies because of
their varied response to the intervention type so attempts to compile findings yield mottled
results, particularly given that the bone architecture of the arm and leg are only moderately
correlated [18]. However, with greater familiarity and more widespread use, it is expected
that pQCT methodologies will become more uniform, resolving many of these issues.

One concern, beyond the methodological parameters, that presents a persistent challenge for
pQCT-based measures is subject motion and the associated movement artifacts present in
the scan image. Subject movements during image acquisition can be as subtle as muscle
twitches, as obvious as a cough/sneeze, or simply the result of a fidgety patient, particularly
evident in children. Because these movements are unforeseeable, technicians cannot plan in
advance for them and they become an unavoidable component of pQCT. Such motion can
severely degrade the quality of the image and result in either unusable scans or require
rescanning to obtain images of acceptable quality. To avoid missing data, it is important for
a technician to be able to know when to perform a repeat scan, and the investigator requires
objective criteria for deciding whether a scan can be included in data analysis.

The current approach for determining if too much movement is present in a scan is by visual
inspection, where scans are qualitatively examined to determine if any motion artifacts are
present in the image and to what degree they impact the image quality. Many laboratories,
including our own, use a rating scale to determine the level of motion in the image by
examining the amount of streaking and/or breaks in the cortical shell. Such scales are
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established to allow the technician to rate the movement in a scan and determine whether the
scan is usable so that, if necessary, a repeat acquisition scan can be performed. While this is
a widely used approach for movement assessment, it is subjective and can result in varied
gradations for a single rating. To date no such scales have been validated for standard
pQCT. However, studies with high resolution pQCT, a similar technology, have presented
mixed evidence on the effectiveness of these types of scales [19–21].

Given the possibility of measurer error with this technique, it follows that a quantitative
measure of movement could provide an improved and more objective assessment of image
quality, one that could be uniformly used throughout the field. Researchers using the high
resolution-pQCT considered this possibility and studies indicate that a quantitative scale
provides a more consistent means of determining if a repeat scan should be performed
[20,22,19]. It stands to reason that for standard pQCT, instituting a quantitative procedure
for managing subject motion could not only help minimize data loss, but also potentially
eliminate unnecessary repeat scan acquisition and the associated additional radiation
exposure. To this end, the aims of the present study were two-fold: (1) to examine the
reliability of an existing visual inspection rating scale, and (2) establish a quantitative
motion assessment methodology.

Materials and Methods
Study Subjects

Cross-sectional data were analyzed for 506 healthy girls aged 9 to 13 years who were
participants in the Jump-In: Building Better Bones study. The details of the Jump-In study
have been published elsewhere [23,24]. The University of Arizona’s Human Subjects
Institutional Review Board approved the study and all participants gave written informed
assent and parental consent before participation in the study. The study was conducted in
accordance with the Helsinki Declaration.

Anthropometry
Standing height and weight measurements were obtained with subjects wearing light-weight
clothing and no shoes. Height was measured at maximal inhalation to the nearest 0.1 cm
using a Schorr measuring board (Schorr Products, Olney, MD). Weight was measured on a
calibrated digital scale (model 880; SECA, Hamburg, Germany), accurate to 0.1 kg. The
average of two measurements for both height and weight were used as the criterion
measurements. BMI was calculated as weight (kg) divided by height squared (m2).

pQCT
Bone cross-sectional area (CSA), vBMD, circumference, and strength-strain index (SSI) and
regional soft tissue composition, including fat, muscle and skin CSA and muscle density,
were assessed at the 20% femur (thigh) and 66% tibia (calf) sites relative to the respective
distal growth plates of the non-dominant limb using pQCT (XCT 3000, Stratec
Medizintechnik GmbH, Pforzheim, Germany, Division of Orthometrix; White Plains, NY,
USA). Scout scans were performed to locate the distal growth plates, with the scanner
programmed to find the site of interest based on relevant bone lengths. Slice thicknesses
were 2.3 mm, and voxel sizes were set at 0.4 mm. Scanner speed was set at 25 mm/s.
Technicians were trained for pQCT data acquisition and analyses following guidelines
provided by Bone Diagnostic, Inc. (Fort Atkinson, WI, USA). Edge detection and threshold
techniques were used to obtain tibia and femur circumferences and to separate tissues (i.e.,
adipose, muscle, and bone) based on attenuation characteristics, which are directly related to
tissue composition and density [25,26]. The pQCT scanner records density on a scale where
the approximate density value of fat is 0 mg/cm3, muscle 80 mg/cm3, and cortical bone 1400
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mg/cm3. Hence, tissue separation thresholds were created at 40 mg/cm3 to separate fat from
muscle and at 150 mg/cm3 to separate muscle from bone. Due to the relatively close density
values of fat and muscle, image filters were applied so contour algorithms can better detect
the edges of each item of interest. A single investigator performed all scan analyses.

Qualitative Assessment of Movement
Subject motion presents itself in images as streaking and/or broken cortical bone shells.
Determining the viability of a pQCT image, or if a repeat acquisition is required, was
completed by rating the level of movement. Each scan was visually inspected and rated
independently by three technicians whose experience with pQCT ranged from 1–5 yrs using
a linear, ordinal scale of 1 to 5 to assess the level of motion artifact present. A score of 1
represents a scan with no movement and 5 represents extreme movement such that
significant image streaking and disruption of the cortical shell was present. Representative
images for each rating on the scale (Figure 1) were posted for the technician’s reference next
to the analysis work station. Images graded 4 or 5 are deemed to have unacceptable motion
artifact for bone and soft tissue analysis and require rescanning or exclusion from analysis.
For images graded 1–3, rescanning was not recommended because motion at this level was
not predicted to impact analysis quality based on prior analysis experience.

Quantitative Analysis for Percent Movement
Subject movement during a scan results in movement artifacts along the edges of the bone
and into soft tissue along the bone edge, where the higher bone density is shifted into the
muscle area. Consequently, this analysis needs to include the whole limb so an irregular
region of interest (ROI) is drawn accordingly to avoid the potential exclusion of some
movement artifacts that would be excluded with the bone ROI alone. The movement can be
quantitatively represented by both a positive and a negative density change in the muscle,
hereafter referred to as positive and negative movement, respectively. The calculation of
positive movement provides an indirect measure of movement artifact. To obtain this value,
images were examined using a series of two analyses. In Analysis #1, images were filtered
using contour mode 3 (−101 mg/cm3 threshold) and peel mode 2 (40 mg/cm3 threshold) to
separate adipose (<40 mg/cm3) and muscle/bone (>40 mg/cm3), respectively, and then
further filtered with muscle smooth 3, manufacturer image filter (F03F05F05), which is a
combination of a 3×3 kernel filter and consecutive 5×5 kernel filters that enhanced the
delineation between muscle and subcutaneous fat. Cortical bone density analysis mode 4
(149 mg/cm3 threshold, 40 mg/cm3 inner threshold) was then used to find all bone area plus
any positive movement, concurrently removing marrow. Analysis #2 filtered images using
contour mode 31 (40 mg/cm3 threshold) to separate subcutaneous fat from muscle, and peel
mode 2 (40 mg/cm3 threshold) with an image filter (F03F05F05) to find marrow and any
negative movement artifact area. Cortical bone density analysis mode 4 using a 710 mg/cm3

threshold separated total bone from all other tissues, while a 40 mg/cm3 inner threshold
removed marrow. The difference between cortical area from Analysis #1 and cortical area
from Analysis #2 yielded a value for positive movement (Figure 2). Positive movement
divided by the cortical area from Analysis #2 generated a movement percentage (%Move).
Positive movement density normally falls between the standard 710 threshold and 150
threshold. It is the difference between these two analysis thresholds that produces a positive
movement area/percentage result. Because beam hardening artifact can look much like
positive movement artifact, it is important to distinguish them. If negative movement area is
close to zero, beam hardening would be indicated. However, because beam hardening is
caused by excessive X-ray scatter along a dense long bone edge it is more commonly
observed at metaphyseal sites where the majority of the image is bone. This should not
generally be an issue at the diaphyseal site (and was not in this study) where the bone mass
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to soft tissue ratio is relatively small and the cortical shell is not as thick resulting in less
scatter.

Repeat Scan Subsample
Repeat scans were performed for subjects rating 4 or 5 on the visual inspection scale. This
subsample provided the opportunity to examine the effect of the level of movement on the
accuracy of results. Because repeat scans can also have significant movement, only scans
with little movement (rated 1 or 2) upon repeat were included in the subsample (femur,
n=22; tibia, n=24).

Statistical Analysis
Descriptive statistics were calculated for the entire sample. The intra-class correlation
coefficient (ICC) was used to assess the consistency, or conformity, of measurements made
by the multiple raters [27]. Specifically, a two-way mixed, single measure form, ICC (3,1),
was used. Pearson’s product moment correlations were calculated and linear regression
analyses were performed to evaluate the relationship between the calculated %Move and the
average of the three raters’ movement ranking. Paired sample t-tests were performed to
check for group differences between initial scans and repeat scans in the subsample,
grouping by less than 25% movement and greater than 25% movement. The selection of
25% movement was made based on post hoc analysis examining 95% confidence intervals.
Technician precision, or relative technical error of measurement (%), for all clean repeat
scans was calculated for all bone and soft tissue variables. All data were analyzed using the
Statistical Package for the Social Sciences for Windows, Version 20.0 (SPSS, Chicago, IL,
USA).

Results
Descriptives

Table 1 presents the means, SDs, and ranges of physical characteristics of the sample. Our
sample was 69% non-Hispanic white (n=347), 21% Hispanic (n=107), 6% Asian American
(n=31), 3% African American (n=14), and 1% Other (n=7). Based on BMI classifications
suggested by the NIH [28], 2.9% were underweight, 74.3% were within the healthy weight
range, 15.0% were overweight, and 7.7% were obese. Tibia and femur circumferences
ranged from 210–410mm and 220–520mm, respectively, and all fell well below the
instrument’s maximum circumference limit of approximately 780mm.

Qualitative Assessment/Visual Inspection
A mean movement score was determined for each subject by averaging the rating of the
three technicians. This average showed a mean rating of 1.75 (SEE=.045) for the femur and
1.67 (SEE=.036) for the tibia. Over half of the scans showed little or no movement (i.e.
average rating <1.7) (femur=56%, tibia=53%). A score of 4.00 for the femur and 3.33 for
the tibia represented the 95th percentile. Figure 2 summarizes the distribution of the
movement rating score for each rater within the 95% confidence interval and shows the
variability of the visual inspection method. With the exception of rater 2 for the motion
rating of 5 at the tibia, the greatest variability was observed in scans rated 3 or 4, the
delineation between repeat or no repeat. Agreement between the three measurers was strong,
ICC = .732 for tibia and .812 for femur.

Quantitative Assessment
Mean %Move for the femur was 9.9±10.3% with a SEE of 0.46 and a range of 3.1% to
100%. A %Move of less than 25% in the femur captured 95% of subjects. The mean
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%Move for the tibia was slightly higher but less variable at 12.0±6.6% with a SEE of 0.30
and a range of 6.1% to 85.2%. A movement of less than 24% in the tibia included 95% of
the subjects.

Qualitative/Quantitative Relationship
Linear regression analysis showed that the average movement rating and %Move for the
tibia and femur were moderately correlated (r=0.70 for tibia; r=0.67 for femur) with a SEE’s
of 4.7 and 7.7 for the tibia and femur, respectively. Figure 3 illustrates the relationship for
both bone sites and includes reference lines at the 95% confidence intervals.

Repeat Scan Subsample Quantitative Movement Comparison
Table 2 presents the mean differences of selected measurement variables at the tibia and
femur for the subsample of repeat scans, which were only included if their %Move was less
than that of the initial scan and less than 25% (tibia, n=24; femur, n=22). Comparison of
initial tibia scans with <25% movement scans (movement = 16±4%) determined by
quantitative assessment (n=13) with the paired repeat scans (movement = 11±2%) showed
no significant differences (p>0.01) for all of the selected measurement variables. Eleven
tibia scans with >25% movement (45±13%) compared to paired repeat scans (13±6%)
showed significant differences (p<0.01) for all measures except muscle and skin CSA in the
soft tissue, and cortical BMD and periosteal circumference in the bone. Initial femur scans
with <25% movement (n=7; 14±4%) were found to not have any significant differences
from repeat scans (9±5%) except in total and subcutaneous fat CSA and SSI. All variables
were found to be significantly different between femur scans with >25% movement (n=15;
53±22%) compared to repeat scans (12±7%) except for muscle CSA. Relative technical
error of measurement examining bone and soft tissue variables for clean initial and repeat
scans showed the following variance for the tibia (n=11) and femur (n=7), respectively: total
bone CSA, 6.5% and 4.9%; cortical CSA, 5.2% and 1.3%; cortical BMD, 2.1% and 0.8%;
periosteal circumference, 7.6% and 0.6%, strength-strain index, 9.6% and 2.2%; muscle
CSA, 8.6% and 2.0%; muscle density, 0.8% and 0.9%; total fat CSA, 6.3% and 10.1%;
subcutaneous fat CSA, 7.4% and 11.7%; and skin CSA, 4.4% and 1.9%.

Discussion
As the use of pQCT increases, there is greater need for standardization of its methodology.
This study aimed to develop a method for standardization of one such component, the
management of image quality in the presence of subject motion. The greater the movement
by the subject the more severely degraded the pQCT image, but defining exactly how much
movement is too much can vary between laboratories and even between raters within a
laboratory. We present a method that provides a quantitative estimate of subject motion
artifact for use in determining the validity of pQCT scan images of the diaphyseal bone. In
addition, a careful evaluation of a commonly used methodology was performed to study its
consistency and value as a qualitative metric.

Because of the subjective nature of the current prevailing procedure, where scans are
visually inspected and rated, it is inherently predisposed to discordant interpretations.
However, agreement between raters in this study was good (ICC=.732 for tibia and .812 for
femur), indicating that the grading procedure can be considered useful [29]. These results
suggest that a simple description of the grading scale along with sample rated images can
produce consistent results and be considered an adequate procedure for image quality
assessment. Consequently, it could be speculated that its use to date by trained technicians
has yielded reliable results and minimized loss of data.
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Nevertheless, the increased variability present at higher ratings shows that even with a
trained technician, there will be instances in which visual inspection mischaracterizes
movement. Understandably, when raters evaluate images with less movement (i.e. rated 1 or
2) consistent judging occurs more easily (Figure 2). In contrast, images with moderate to
severe movement (scores of 3 and 4) are rated more variably, and although these images are
less common, this issue is concerning given that this is the range where the technician must
decide if rescanning is required. Although the qualitative and quantitative methods were
highly correlated, classification errors are inherent in the visual inspection method. As
shown in Figure 3, ratings falling in the upper left quadrant and lower right quadrant would
have been incorrectly classified based on the quantitative approach.

Leaving the decision of performing a repeat measurement to subjective assessment by the
scanning technician could result in loss of data if investigators later determine that the
movement was too great to yield viable information. It is common to find investigations
using pQCT that mention this loss of data as a result of movement [30,31,3,32,33].
According to these criteria, 1.5% (n=15) of our sample should have been rescanned but were
not. Conversely, rescanning subjects when a repeat is unnecessary is also undesirable, which
occurred in 2.8% (n=28) of our sample. Although the radiation exposure with pQCT is
minimal, unnecessary exposure must be avoided. It is the responsibility of the investigator to
ensure that radiation exposure to the subject is kept “as low as reasonably achievable”
(ALARA) [34], and therefore, an objective index for determining when to repeat a scan
would support this goal.

A quantitative procedure will eliminate the subjectivity and potential misjudgments by the
technician’s evaluation. Implementing the procedure outlined here, where the calculation of
positive movement yields a movement percentage value, provides a consistent and reliable
measure of the level of motion present in a pQCT image. Establishing a specific level of
movement where rescanning would be required would provide greater uniformity in the
field and eliminate the subjectivity associated with the visual grading technique. Although
HR-pQCT has managed to do this [22,19,20], not only is the technology and hardware not
comparable, but the HR-pQCT is limited to the metaphyseal bone sites whereas this pQCT
movement analysis is designed for the diaphyseal bone. In our sample, most (95%) scans
had a %Move of <25%, corresponding to a score between 3.3 (tibia) and 4.0 (femur) on the
visual inspection scale. Based on these results, we examined the use of 25% movement as
the delineation for determining whether a scan is usable or requires repeat scanning or
subsequent exclusion from data analysis.

A subsample of participants had an initial scan judged to have more than desirable
movement followed by a repeat scan that showed little movement. This subsample provided
the opportunity to compare a group with >25% movement to a group with <25% movement.
Our finding that indices examined in the <25% group were not significantly different from
the repeat scan results, whereas the >25% group showed significant differences from their
repeat counterpart, suggests that in the present sample 25% movement is a viable cut point
for determining if a repeat scan is required or if the data should be included in analysis.

It is not clear if a movement delineation of 25% would be generalizable given the narrow
age range of the study’s participants. Because the limb sizes of children and adolescents are
smaller than those of an adult, it is possible that the use of the positive movement
assessment alone may not be sufficient for individuals of all ages. Nonetheless, expressing
positive movement as a percentage of total size would essentially equalize limb sizes and
thus make the measure more broadly applicable. Furthermore, the present population is
likely one of the more movement-prone, healthy populations (age 9–13yrs). Therefore, we
would expect that the use of the 25% movement cutoff would result in <5% of a healthy
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adult sample requiring a rescan. The procedure is also translatable to all types of movement,
including muscle twitches or tremors that can be present in the elderly or diseased, but the
tolerance level for movement (25%) would require reexamination.

A limitation of this study was the inability to compare multiple scans, over a controlled
range of movement, to repeat scans with zero movement. Although our subsample included
a wide range of movement, sample size was relatively small for any given level of
movement making it difficult to pinpoint an exact percentage. Future studies of soft tissue
and bone phantoms of differing size, capable of simulating varying levels of movement
would be ideal. It is also important to note that the procedure is limited to the diaphyseal
bone regions because of the requirement to include soft tissue in the analysis, which is not
sufficiently present at metaphyseal regions. Also, because we lack an existing, independent
gold standard for assessing movement, another potential limitation is shown in Figure 4,
which indicates that the quantitative method may fail to detect some scans that require
rescanning according to the qualitative method.

These limitations notwithstanding, the presented procedure provides a feasible basis for the
management of pQCT image quality in the presence of subject motion for the diaphyseal
bone. Use of this quantitative approach would help standardize protocols for repeating scans
across technicians and across laboratories. Furthermore, the application of the proposed
quantitative approach would eliminate technician rating bias and reduce unnecessary
radiation exposure to subjects as well as provide specific criteria for investigators to decide
when data should be excluded. A delineation of 25% movement for determining whether a
scan is viable or requires repeat is proposed for healthy populations but additional research
is suggested to validate this level.
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Figure 1.
Visual inspection rating scale for femur (upper row) and tibia (lower row). Each score
reflects the level of movement: 1 – none, very minimal; 2 – minimal; 3 – moderate; 4 –
severe; 5 – extreme.
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Figure 2.
Analyses for quantitative assessment of movement. Analysis #1 is used find all bone area
plus any positive movement. Analysis #2 finds only the bone. The difference in area
between these two analyses will measure the movement in the scan.
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Figure 3.
Error plots (95% confidence interval bars) illustrating the distribution of the movement
rating score for each rater within the average movement rating.
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Figure 4.
Relationship between the quantitative movement percentage and the technicians’ average
movement rating. Vertical and horizontal reference lines represent 95% confidence intervals
for respective variables.
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Table 1

Descriptive characteristics of total sample (n=506)

Mean ± SD† Range

Age (y) 10.7 ± 1.1 9 – 13

Height (cm) 144.5 ± 9.7 120.3 – 171.9

Weight (kg) 39.2 ± 10.5 19.3 – 84.8

BMI (kg/m2) 18.5 ± 3.3 12.4 – 32.1

BMI Percentile 56.4 ±29.4 0.1 – 99.0

Total Body %Fat 27.8 ± 8.5 8.5 – 50.9

Tibia Circumference (cm) 28.6 ± 3.2 21.6 – 41.1

Femur Circumference (cm) 33.3 ± 4.5 22.1 – 51.8

†
Standard deviation
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