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Abstract
To eliminate user interaction in longitudinal quantitative computed tomography (QCT)
measurements of bone mineral density (BMD) and geometry, we have developed and optimized an
automated registration algorithm for QCT images of the hip and spine and integrated it with a
previously developed 3D densitometric and structural analysis program. With registration, the
follow-up images are automatically aligned with respect to the baseline scans, and the bone
quantification of the aligned follow-up scan is initiated based on the bone morphometric features
defined on the baseline scan. To validate the algorithm, we analyzed 20 pairs of repeat QCT images
(10 hip pairs and 10 spine pairs) acquired on a modern multi-slice CT scanner, with repositioning
between each scan pair to simulate repeat visits. Bone measurements obtained with automatic
registration achieved comparable or improved precision errors compared to those obtained by careful
manual analysis of the follow-up scans. The algorithm we have developed was based on the mutual
information approach, with simplex optimization under a multi-resolution scheme. The average
registration time was 2.3 min for a hip pair and 1.1 min for a vertebra pair using a standard desktop
computer. Based on the reduced user interaction, high degree of precision, and short execution time,
this is a promising technique for monitoring therapy in patients and clinical trials.
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Introduction
Hip and spine fractures are the most serious manifestation of osteoporosis. For example, in the
US only, they affect over 250,000 elderly and result in a 20% mortality rate and substantial
loss of quality of life [4,27]. The number of hip and spine fractures is expected to increase as
the population ages.

In the clinical setting, osteoporosis may be diagnosed using bone mineral density (BMD)
measurements by dual X-ray absorptiometry (DXA) or by the confirmation of a fragility
fracture. A positive diagnosis of osteoporosis may be followed by treatment using one of
several commercially available medications, including anti-resorptive therapies [8,11] or
newly approved anabolic therapies such as human recombinant parathyroid hormone (hrPTH)
[18]. The use of DXA [17,23] to monitor the effect of these interventions on the hip and spine
is limited by the fact that DXA measurements show changes in the total bone mass while the
therapies themselves may differentially affect the cortical and trabecular compartments. Thus,
using total bone mass as a surrogate marker of therapeutic efficacy may mask compartment
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specific effects that could be important for bone strength. Quantitative computed tomography
(QCT), on the other hand, permits compartment specific three-dimensional bone density and
geometry assessment of the hip and spine. A recent study of postmenopausal women using
QCT compared the effects of hrPTH, alendronate, and a combination of these two therapies
on bone density over a year of treatment[1]. The study found that in the hip and spine, both
hrPTH and alendronate increased trabecular bone density, whereas hrPTH decreased and
alendronate increased cortical bone density. Interestingly, the study also reported increases in
the volume of cortical bone in the subjects treated with hrPTH, but not those treated with
alendronate over the year of treatment.

Computer algorithms used to analyze QCT images generally involve manual interactions
[15,16,21] to define anatomic axes and, when necessary, to assist the segmentation procedure
used to define the bone edges and perform the region of interest and geometric analyses. For
longitudinal studies, such manual interactions introduce intra- or inter-operator precision
errors, which can affect the ability of this technique to resolve small changes over the course
of a therapy. Compared to highly controlled research settings, this becomes a more serious
concern in clinical settings, where the user skills are highly variable. In an individual, a change
may be detected with a 95% confidence level if it is 2.8 times the precision error [2,9]. Thus,
precision errors should be minimized to reduce the time required to detect treatment effects.

In this study, we have developed a registration algorithm for 3D hip and spine images from
commonly available QCT scanners in order to reduce precision errors related to operator
variability in longitudinal QCT image analysis. The algorithm works in conjunction with a 3D
analysis program [15,16] which defines regions of interest for compartmental BMD and
geometric analyses of the proximal femur and vertebrae. The registration program transforms
the longitudinal images and resamples them in the coordinate system of the baseline scan. The
morphometric parameters, such as the orientations of the femoral neck and spinal axis defined
for the baseline scan, are then used to initiate the bone segmentation and quantification process
for the follow-up scan.

Our hip and spine registration algorithm is an intensity based algorithm applying the concept
of mutual information [25,26], thus it eliminates the need to specify anatomic landmarks for
registration. Based on a decade of experience in successful medical image registration [10,
12,29], it has become a current trend to build application-specific systems for integrating
registration into routine clinical practice [3,6,7]. Because the hip and vertebrae have smaller
dimensions compared to other widely studied anatomic objects in medical image registration
such as the head [25,26], hip and spine images pose a greater challenge to register. Signals due
to misalignments of smaller objects are of lower magnitude, with a greater tendency for the
registration process to be trapped in local maxima. To this end, we have adapted optimization
methods in our hip and spine registration, including using simplex searching [20] under a multi-
resolution scheme [25,26], and an adaptive bin-size approach [28] with modifications.

To test the precision using our automated registration, we have applied this algorithm to 20
pairs of QCT scans, comprising 10 scan pairs of the hip and 10 pairs of the spine, obtained
with a 15-min interval and repositioning between the two scans of each pair. Our goal was to
determine whether the use of automated analysis could achieve comparable or better precision
compared to careful manual analysis.

Materials and methods
Human subjects

20 pairs of repeat CT scans, including 10 hip pairs and 10 spine pairs, were acquired and
analyzed to test the registration algorithm. The subjects were a group of postmenopausal
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women. For the hip group, the mean age is 63 ± 2 years, and the t score is —1.05 ± 1.30. For
the spine group, the mean age is 64 ± 3 years, and the t score is —0.76 ± 1.69. Each patient
was scanned twice with repositioning after a time interval of 15 min between scans. Each
patient provided informed consent as required by the Committee on Human Research at the
University of California, San Francisco. The scanner was a Phillips MX-8000 16 detector
system (Phillips Medical Systems, Eindhoven, Netherlands). CT images were calibrated to
bone density using a solid hydroxyapatite calibration phantom (Image Analysis, Columbia,
KY). The scanning parameter settings were 90 kVp, 280 mAs for the hip scans and 90 kVp,
140 mAs for the spine scans. Both scans used 3-mm-thick sections with a 3 mm/s table speed,
with a reconstruction interval of 3 mm.

Registration algorithm
Our registration program was mutual information based, and took advantage of some specific
features of the hip and spine. For QCT images, the contrast between the hip and spine cortices
and the surrounding soft tissue is large, making it possible to use CT value thresholding and
region-growing techniques to limit the candidate voxels for registration to bone voxels only.
This can not only simplify the registration by allowing us to consider rigid body transformations
only, but it also improves the registration efficiency because the number of voxels used for the
alignment process is greatly reduced. The voxel dimensions in CT images are well-calibrated,
permitting us to eliminate scaling operations between scans.

Prior to registration, the baseline and follow-up CT images were cropped to include only the
hip or vertebrae to be registered, and the baseline scan was segmented to create a binary bone
mask using a region-growing algorithm[15,16]. The registration procedure worked as follows.
The input CT images were first blurred to reduce image noise, and then resampled to isotropic
voxel size. The voxels from the segmented binary mask were then used to create a list of voxels
to be aligned. To calculate the mutual information, we used adaptive bin sizes similar to that
described in [28], where three bin sizes (16, 32, 64) were used. In our implementation, however,
we allowed the bin size to be variable such that the average number of voxels in each bin was
40, under the restriction that the minimum number of bins was not less than 16.

At each registration step, based on the current configuration of the baseline and follow-up
images, a normalized mutual information [24] was calculated from the voxels in these bins.
The program then iteratively searched for the optimal transformation in the 6-D parameter
space (3 translations and 3 rotations) using simplex optimization [20]. To speed up the
registration and to avoid local maxima at the startup, we also applied a 3-level multi-resolution
scheme [10,26], with resampling sizes of 1.5 mm, 1.0 mm, and 0.75 mm.

In longitudinal measurements of hip and spine, when bone changes exist, the internal trabecular
bone usually changes more than the outer cortical bone. To take this into account, we further
limited the voxels used for registration to the outer cortical boundary voxels only, defining a
small window near the proximal femoral or vertebral boundary that encompassed the outer
cortex and a thin ribbon of surrounding soft tissue. The boundary was automatically defined
based on the binary mask segmented from the baseline images.

Evaluation of registration and bone measurements
To validate the registration program, we applied it to 10 hip and 10 spine pairs of repeat scans,
and examined the alignment using visual inspection as well as the reproducibility of the
quantitative bone parameters.
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Visual inspection
First, the registered images were visually inspected. To qualitatively assess the degree of
alignment, we drew the contour of the outer boundary of the baseline femur or vertebra, and
then projected it onto the registered follow-up images. To further assess possible
misalignments, we also calculated the difference images by subtracting the aligned follow-up
images from the baseline images.

Bone parameter quantification
Upon completion of registration, the registered follow-up images were automatically processed
for segmentation and definition of the regions of interest (ROIs) based on the morphometric
features identified and defined in the baseline analysis. Note that instead of simply superposing
the ROIs defined from the baseline onto the follow-up scan, we allowed the aligned follow-up
images to be re-segmented and the ROIs redefined. This allowed the program to take into
account possible periosteal apposition effects thought to be associated with aging and anabolic
drug therapies [19,22]. After the ROIs were defined, quantification of femoral and spinal
parameters was subsequently performed using an algorithm previously described in [15,16],
which determined the cortical, trabecular, and integral bone mineral density, volume, and
mineral content values. For the hip, the ROIs included regions encompassing the entire
proximal part of the femur, the femoral neck, and a region encompassing both trochanters. In
addition to the BMD measures, we also computed several geometric parameters, including the
total tissue volumes within the periosteal boundaries of the femoral neck, trochanteric and total
femur regions of interest, and the minimum and maximum cross-sectional areas of tissue within
the periosteal boundaries of the total femur region of interest (CSAminand CSAmax).

For the hip, we calculated the moments of inertia, Ixand Iy, in the body-fixed x and y axes at
the location of the femoral neck slice of minimum tissue cross-sectional area (CSAmin). These
were used to derive the femoral neck bending strength index (fnBSI) [14]

fnBSI =
Ix + Iy

2
CSAmin

π

Spinal analyses involved the lumbar vertebrae L1 and L2. Since they are not rigidly connected
to each other, the registration and quantification were performed separately for L1 and L2, with
the same set of vertebral parameters calculated after each registration. The vertebral ROIs were
those described in[16]. Integral and trabecular ROIs were determined both on a 10-mm-thick
section through the mid-vertebra and on the entire vertebra, and a cortical region was defined
around the cortex of the entire vertebra. For both the mid-plane and total vertebra, the integral
regions included a region encompassing only the vertebral centrum and another region
encompassing the centrum and posterior elements. Additionally, we also derived from the CT
images a simulated DXA BMD. Geometric bone parameters included the length of vertebral
body between the anterior aspect of the cortex and the anterior aspect of the spinal canal, and
the lateral width of the vertebral body at the level of anterior spinal canal. Additionally, the
vertebral cross-sectional area was quantified. We also calculated the vertebral compressive
strength index [14] as

CSI = BMDmv
2 × CSAmv

where BMDmvand CSAmvare the integral BMD and cross-sectional area of the mid-vertebral
section.
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After registration of each pair, the difference between each quantified BMD or geometric bone
parameter for the baseline and follow-up scans was calculated. To avoid the bias in calculating
a percentage difference, we used the coefficient of variation:

CV = (νb − ν̄)2 + (ν f − ν̄)2
ν̄ × 100

where vbwas the bone parameter quantified from the baseline-scan, and vfwas the
corresponding value from the registered follow-up scan, and v was the average. Ideally, since
there was no bone change for a repeat scan pair, the CV value would become zero with a perfect
alignment. Thus, its non-vanishing value served as an indication of the degree of misalignment.

To calculate the precision for each BMD and geometric measurement, we used the precision
definition given by Gluer et al. [9], which was the root-mean-square of the CVs calculated
from the scan pairs

precision =
∑
i=1

N
CVi

2

N .

Results
Visual inspection of registered images

An example of the aligned baseline and follow-up images is displayed in Fig. 1. Fig. 1 compares
the matched proximal femoral cross-sections from the baseline and the aligned follow-up
images, as well as the difference images from the corresponding cross-sections. Fig. 1 has the
first set of three images in coronal view, and the following three sets in axial view. For each
set, the boundary was drawn on the baseline image and directly superimposed on the follow-
up image, showing good qualitative agreement with the bone edge on the follow-up image.
The internal structures in the scans were also well reproduced. The alignment can also be seen
from the difference images, where the registered part (the proximal femur) showed close to
vanishing intensities, while the un-registered structures outside the proximal femur had high
remaining intensities.

Precision of BMD and geometric measurements obtained using manual and automated
methods

We show in Table 1 and Table 2 the precision errors for the quantified bone parameters in the
proximal femur and spine using automated registration, and compare them to the manual
results.

Hip
Table 1 shows the measurement results of the hip parameters. The first numerical column shows
the average values for these parameters and their standard deviations, followed by the measured
differences (errors) between the baseline and follow-up scans as calculated by the root-mean-
square (RMS) values from the 10 pairs in physical units, with and without registration.

The measurement precision errors and the CV deviations are also shown in Table 1. For BMD
measurements with registration,Table 1 shows that the precision errors for total femur and
trochanter varied from 0.60% (trochanteric trabecular BMD) to1.42% (trochanteric cortical
BMD). Neck BMD precision errors were relatively larger because of the smaller volume of
bone assessed, and because the fatty infiltration of the medullary cavity in the femur produced
low trabecular BMD and thus high CV values. It also shows that by using automated
registration, most of the individual BMD precision errors were smaller than those obtained by
manual analysis of the follow-up scans.

Li et al. Page 5

Bone. Author manuscript; available in PMC 2006 August 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Compared to BMD, the geometric parameters generally showed larger precision errors. As can
be seen from Table 1,for the volume measurements of neck, trochanter, and total femur, the
precision errors varied from 2.21% to 3.65%. But we can still see that for all the individual
volume parameters, the precision errors were relatively smaller than those obtained by manual
analysis. Registration gave a precision error for the minimum cross-sectional area (CSAmin)
of 1.51%, which was slightly larger than that obtained by manual results of 1.44%. However,
for the maximum cross-sectional area (CSAmax), registration showed a significant decrease of
precision error. For the femoral neck bending strength index (fnBSI), the registration gave a
precision error of 3.66%, compared to 5.09% obtained by manual analysis.

Based on the CV values of the 10 hip pairs, we performed t tests and F tests to determine
whether the registration process reduced the mean values and the standard deviations of the
CVs, respectively. The improvement in measurements showed statistical significance for some
of the bone parameters, as marked by signs of * (t test with a P value less than 0.05) or † (F
test with a P value less than 0.05) in Table 1. For example, for trochanter trabecular BMD, a t
test gave a P value of 0.021. For CSAmax, the P value was 0.017. For the F test, the P value
was0.031 for Neck cortical BMD, and 0.00002 for CSAmax.

Spine
For each spine pair, two vertebrae, L1 and L2 were registered individually, and the same set
of bone parameters were calculated. The measurements are shown in Table 2, where for each
bone parameter, the results from L1 and L2 were also treated individually. By using
registration, the precision errors of trabecular and integral bone BMD values varied from 0.90%
to 1.99%, which were generally smaller than those obtained by manual analysis. For all the
three geometric parameters and the derived mechanical parameter (compressive strength
index), registration showed decreased precision errors. Additionally, we also calculated a
simulated DXA areal BMD, which showed a precision error of 1.84% by using registration,
compared to3.10% by using manual analysis.

The improvement in precision errors and the deviations of errors were observed with statistical
significance for some of the spine parameters, as marked by signs of * (t test) or † (F test). For
example, a t test for the DXA simulated areal BMD showed a P value of 0.026, and F tests
showed P values of 0.00003 (3D trabecular BMD), 0.033 (3D total integral BMD), 0.0016 (3D
centrum integral BMD), and 0.0027 (vertebral cross-sectional area).

CPU time for registration
The average CPU time executing each registration was 138 s for a hip pair, and 69 s for a single
vertebra pair. We used a Dell workstation with a Pentium 4 processor, 2.4 GHz CPU and 1.5
Gb RAM.

Discussion
Longitudinal bone measurements of the hip and spine, as demonstrated by our registration
algorithm, can be automated to reduce user interaction. Based on the 20 pairs of repeat scans
with repositioning, the precision errors for BMD and geometric measurements were generally
improved or were comparable to those obtained by manual analysis of the follow-up scans.

Reduction of user interaction can greatly affect the application of the QCT imaging technique
for longitudinal measurements, especially in cases where there is substantial turnover in
technical personnel and high variability in operator skill and training. Our approach for
automated registration of volumetric images reduces user interaction both in the acquisition,
because the 3D image obviates the need for careful selection of a transverse section, and in
analysis because the image analyst does not have to place landmarks on the serial images.
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Compared to DXA, which provides a purely integral bone measurement, QCT has the
advantage of measuring bone compartments individually. According to the recent report from
a 1 year trial of 238 postmenopausal women undergoing treatment with hrPTH, alendronate,
and their combination [1], the change in trabecular BMD over a year was 2-3 fold larger than
that of the integral bone envelope. By detecting such compartment specific changes with QCT
imaging, we expect that the time required to determine the efficacy of an intervention such as
alendronate or hrPTH could be greatly shortened.

We selected the approaches reported here among other registration algorithms based on several
reasons. First, at each registration step, to select a figure of merit, i.e., the measure of the
“goodness” of the alignment between the baseline and follow-up images, direct comparison of
the CT values between scans is easily implemented and could be a choice. However, this may
not be valid when the scanning settings differ between the baseline and the follow-up scans.
Mutual information, on the other hand, is less affected by such factors because it is calculated
based on the image intensity distribution statistics associated with the physical bone structures.
Secondly, for 3D medical image registration, avoidance of local maxima is an important
concern, particularly for small objects such as the hip and spine. Optimization methods such
as hill-climbing, have been demonstrated to be effective for registering head scans[25,26].
However, for the hip and spine, we found the simplex method to be more robust.

Besides improving the precision of BMD measurements, the degree of alignment obtained
using our methodology facilitates studies of the regional changes of bone geometric and
mechanical properties, such as cross-sectional areas and moments of inertia. Because moments
of inertia involve sums of cortical intensities weighted by distance from the neutral axis, they
are highly subject to repositioning errors in the tissue sections being evaluated. Another
potential application of our approach is for finite element modeling [5,13], where consistent
loading conditions must be applied to serial scans. By aligning such scans automatically, it
may be possible to use the identical loading conditions in serial images.

In addition to these strengths, however, this study also has limitations. Although we have seen
that using automated registration generally gave improved precision, the improvement was not
statistically significant for most bone parameters because of small sample size. Another reason
for this may also be that the manual results reported here were obtained in a research setting,
and conducted by an experienced image analyst operating under well-controlled quality
assurance processes. Such factors may or may not be available in the general clinical setting.
Secondly, we should note that compared to manual analysis, registration inevitably involves
an additional transformation to align the follow-up scan to the baseline scan. The image
interpolation associated with this introduces partial volume averaging, which could affect thin
structures such as the femoral neck and vertebral cortices, resulting in precision errors for some
variables that may be comparable to or slightly larger than the corresponding manual values.
In general, as shown in Tables 1 and 2, compared to the relatively more unpredictable errors
arising from operator interaction, the errors resulting from this alignment transformation were
relatively small. These may be further reduced in future implementations involving more
sophisticated interpolation schemes or higher resolution scanning protocols.

In summary, we have developed and optimized a registration algorithm for hip and spine QCT
images that automates longitudinal bone measurements and reduces user interaction. Based on
20 pairs of repeat scans with repositioning, the registration algorithm has shown precision
errors which are generally smaller than those obtained by manual analysis. By reducing user
interaction, the resulting reduction in the magnitude and variability of precision errors should
increase the applicability of this technique in the clinical setting. If prospectively designed,
trials show that QCT measurements predict changes in fracture incidence comparably or better
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than DXA measurements, their high precision and responsiveness may result in a more
effective and widely accepted technique for monitoring therapy in osteoporosis.
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Fig. 1.
Coronal and axial cross-sections from the baseline (left), the aligned follow-up (middle) and
the difference images (right) of a hip repeat scan pair. The arrows with labels in the coronal
cross-section of the baseline scan indicate the positions from which the following axial views
are taken. The femur boundaries outlined from the baseline images are superimposed onto the
follow-up images to check their alignment. The registered part (proximal femur) shows
vanishing intensities in the difference images. For better illustration, false colors were applied
to the CT values.
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Table 1
Comparison of hip measurements obtained from 10 scan pairs using manual analysis and automated registration

Measurement in physical units CV (%)

Average value ±
standard Deviation

Errorregistration
(errormanual)

Precisionregistration
(precisionmanual)

Deviationregistration
(deviationmanual)

Neck integral BMD (g/
cm3) 0.273 ± 0.039 0.005 (0.005) 1.31 (1.56) 0.80 (1.17)
Neck trabecular BMD (g/
cm3) 0.089 ± 0.032 0.005 (0.006) 4.53 (5.85) 2.74 (3.21)
Neck cortical BMD (†) (g/
cm3) 0.521 ± 0.030 0.012 (0.022) 1.61 (2.89) 1.06 (2.30)
Troch integral BMD (g/
cm3) 0.262 ± 0.038 0.003 (0.005) 0.81 (1.31) 0.59 (0.81)
Troch trabecular BMD (*)
(g/cm3) 0.111 ± 0.035 0.001 (0.002) 0.60 (1.20) 0.43 (0.78)
Troch cortical BMD (g/
cm3) 0.526 ± 0.035 0.011 (0.011) 1.42 (1.49) 0.81 (0.73)
Total femur integral BMD
(g/cm3) 0.262 ± 0.036 0.004 (0.004) 0.87 (1.14) 0.67 (0.59)
Total femur trabecular
BMD (g/cm3) 0.109 ± 0.033 0.001 (0.001) 0.82 (0.72) 0.63 (0.30)
Total femur cortical BMD
(g/cm3) 0.511 ± 0.030 0.009 (0.010) 1.24 (1.36) 0.86 (0.69)
Neck integral vol. (cm3) 16.594 ± 2.666 0.719 (0.933) 3.65 (3.85) 2.41 (1.74)
Neck cortical vol. (cm3) 6.850 ± 1.338 0.276 (0.454) 3.07 (4.28) 1.93 (2.49)
Troch integral vol. (cm3) 76.401 ± 12.332 3.118 (3.947) 2.80 (3.79) 1.60 (2.13)
Troch cortical vol. (cm3) 26.038 ± 5.277 1.154 (1.629) 2.80 (4.14) 1.58 (2.26)
Total femur integral vol.
(cm3) 99.241 ± 15.721 3.311 (3.979) 2.54 (2.74) 1.77 (1.52)
Total femur cortical vol.
(cm3) 35.622 ± 6.906 1.177 (1.905) 2.21 (3.37) 1.45 (1.98)
CSAmin (cm2) 10.715 ± 0.815 0.233 (0.226) 1.51 (1.44) 0.93 (0.87)
CSAmax (* †) (cm2) 29.049 ± 2.947 0.202 (0.854) 0.48 (2.18) 0.23 (1.34)
fnBSI (cm3) 0.530 ± 0.082 0.025 (0.037) 3.66 (5.09) 2.08 (3.07)

The first numerical column shows the average values for bone mineral density (BMD) and geometric parameters, along with their standard deviations.
They are followed by the root-mean-square (RMS) errors between the baseline and follow-up scans in physical units. Precision is calculated as the RMS

of the coefficients of variation (CVs) of the 10 pairs, with the CV deviations shown at right. A mark * or † after the name of a bone parameter indicates

registration reduced the mean value (*)or deviation (†)of the CVs with statistical significance (P value less than 0.05).
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Table 2
Comparison of spine measurements obtained from 10 scan pairs using manual analysis and automated registration

Measurement in physical units CV (%)

Average value
± standard
deviation

Errorregistration
(errormanual)

Precisionregistration(precisionmanual) Deviationregistration(deviationmanual)

Mid-vert.
trabecular
BMD (g/
cm3)

0.132 ± 0.034 0.003 (0.005) 1.99 (2.93) 1.13 (2.93)

Mid-vert.
total integral
BMD (g/
cm3)

0.227 ± 0.036 0.005 (0.006) 1.76 (1.76) 1.07 (1.09)

Mid-vert.
centrum
integral
BMD (g/
cm3)

0.158 ± 0.031 0.004 (0.004) 1.75 (2.01) 1.19 (1.41)

3D trabecular
BMD (†) (g/
cm3)

0.143 ± 0.037 0.004 (0.007) 1.92 (3.56) 0.94 (2.65)

3D total
integral
BMD (†) (g/
cm3)

0.224 ± 0.033 0.003 (0.004) 0.90 (1.19) 0.51 (0.85)

3D centrum
integral
BMD (†) (g/
cm3)

0.176 ± 0.030 0.003 (0.004) 0.98 (1.42) 0.48 (1.03)

3D cortical
BMD (g/
cm3)

0.190 ± 0.022 0.006 (0.006) 2.11 (1.89) 1.00 (1.26)

Simulated
DXA BMD
(*) (g/cm2)

0.959 ± 0.227 0.023 (0.043) 1.84 (3.10) 1.35 (1.89)

Vertebral AP
length (mm) 39.350 ± 3.175 0.671 (0.775) 1.25 (1.40) 0.96 (0.91)
Vertebral
lateral width
(mm)

43.800 ± 3.784 0.742 (1.449) 1.15 (2.18) 0.93 (1.84)

Cross-
sectional area
(†) (cm2)

9.774 ± 1.603 0.217 (0.383) 1.61 (2.41) 0.87 (1.79)

Compressive
strength
index (g2/
cm4)

0.253 ± 0.113 0.012 (0.017) 3.31 (5.33) 2.29 (3.36)

The first numerical column shows the average values for bone mineral density (BMD) and geometric parameters, along with their standard deviations.
They are followed by the root-mean-square (RMS) errors between the baseline and follow-up scans in physical units. Precision is calculated as the RMS

of the coefficients of variation (CVs) of the 10 pairs, with the CV deviations shown at right. A mark* or ° after the name of a bone parameter indicates

registration reduced the mean value (*) or deviation (°) of the CVs with statistical significance (P value less than 0.05).
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