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Abstract

In the recent decade, /n vivo .CT scanners have become available to monitor temporal changes in
rodent bone in response to diseases and treatments. We investigated short-term and long-term
precision of /n vivo.CT measurements of trabecular bone density, microstructure and stiffness of
rat tibiae and tested whether they can be improved by 3D image registration. Rats in the short-term
precision group underwent baseline and follow-up scans within the same day (n=15) and those in
the long-term precision group were scanned at day 0 and day 14 (n=16) at 10.5 m voxel size. A
3D image-registration scheme was applied to register the trabecular bone compartments of
baseline and follow-up scans. Prior to image registration, short-term precision ranged between
0.85% and 2.65% in bone volume fraction (BV/TV), trabecular number, thickness, and spacing
(Th.N*, Th.Th*, Th.Sp*), trabecular bone mineral density and tissue mineral density (Tb.BMD,
and Th.TMD), and was particularly high in structure model index (SMI), connectivity density
(Conn.D), and stiffness (4.29%-8.83%). Image registration tended to improve the short-term
precision, but the only statistically significant improvement was in Th.N*, Th.TMD, and stiffness.
On the other hand, unregistered comparisons between day-0 and day-14 scans suggested
significant increases in BV/TV, Tb.N*, Th.Th*, Conn.D, and Th.BMD and decrease in Th.Sp*
and SMI. However, the percent change in each parameter from registered comparisons was
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significantly different from unregistered comparisons. Registered results suggested a significant
increase in BV/TV, Th.BMD, and stiffness over 14 days, primarily caused by increased Th.Th*
and Th.TMD. Due to the continuous growth of rodents, the direct comparisons between the
unregistered baseline and follow-up scans were driven by changes due to global bone modeling
instead of local remodeling. Our results suggested that 3D image registration is critical for
detecting changes due to bone remodeling activities in rodent trabecular bone by /i vivopCT
imaging.
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In vivo nCT; 3D image registration; trabecular bone microstructure; finite element analysis;
animal models/rodent

Introduction

Micro computed tomography (itCT) has been widely used to study three-dimensional (3D)
microstructure of bone specimens [1]. It provides 3D imaging with sufficient spatial
resolution for the assessment of trabecular microstructure of both human bone biopsy
specimens and rodent bone specimens. Moreover, in the recent decade, /in vivonCT
scanners have become available to monitor longitudinal changes in the rat and mouse
skeleton [2-11]. The current in vivo nCT scan can obtain images with an isotropic voxel
size at a scale of 10 wm, which is high enough for direct, 3D bone microstructural analyses
of rodent trabecular bone. Moreover, based on these high-resolution images, micro finite
element (LFE) models can be generated to estimate the mechanical properties of bone [12,
13]. Therefore, by using /n vivo.CT imaging and wFE analysis techniques, changes in
geometry, microstructure, and mechanical properties of rodent bone, in response to either
diseases or treatments, can be visualized and quantified over time. As rat and mouse models
are among the most common models to study human bone diseases, the in vivonCT
imaging of rats and mice is an invaluable tool to study the skeletal responses to various
diseases and treatments in a longitudinal manner.

In order to detect longitudinal changes in bone microstructure and mechanical properties, it
is critical to understand the factors that may affect the precision of these measurements by /n
vivo .CT scans. Several factors need to be considered when designing /77 vivopnCT
experiments. First, animal movement due to breathing and repositioning of animals at each
follow-up scan affects the precision of /n vivo measurements. These influences could be
reduced by using customized animal holders during the scan. Such a holder can help to
minimize the movement of the skeletal site of interest, such as the proximal tibia and lumbar
vertebra, and can ensure that the skeletal site is positioned in a similar 3D orientation at each
follow-up scan. 3D image registration has also been used to further reduce the reposition
error of /n vivoscans [2, 14, 15]. Nishiyama et a/. reported that by 3D image registration,
reproducibility can be significantly improved in bone density and microstructural
measurements at 12.5 m resolution (precision ~1-5% in rats) [15]. However, in this study,
follow-up scans were within 2 days of baseline scans, when changes to the bone
microstructure are minimal and negligible. A challenge of /n vivo.CT image studies is to
identify the same region of interest between baseline and follow-up scans where significant
changes in bone geometry and microstructure have occurred between scans.

Although reproducibility of ex vivoCT at various regions of interest and resolutions has
been reported in a number of studies [1, 16-18], influences of factors, such as motion
artifact, repositioning, and linear growth of experimental animals, that affect /n vivo scans
have not been extensively studied. The goal of the current study is to establish a feasible /n
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vivo.CT scan and analysis regime that yields the highest precision in long-term
longitudinal studies of responses in rat tibia trabecular bone to diseases and treatment.
Therefore, the first objective of the current study was to investigate the short-term (scans
within the same day) and long-term precision (scans 14 days apart) of bone microstructure,
mineral density, and mechanical property measurements in rat tibia by /7 vivo.CT scans at
the highest image resolution that is achievable /n vivo (10.5 um). The second objective was
to test whether a 3D image registration technique can improve the short-term and long-term
precision of /n vivo measurements.

Materials and Methods

Animals

Twenty-six three-month-old female Sprague Dawley rats were purchased from Charles
River Laboratories (Wilmington, MA). The short-term precision study was conducted in 15
rats and each rat was scanned twice within 12 hours. The long-term precision study was
conducted in the other 11 rats: each rat was scanned at day 0 and day 14 and 5 rats were
scanned additionally on day 28, making the total number of 14-day scan precision
comparisons equal to 16 pairs. All experiments were approved by University of
Pennsylvania’s Institutional Animal Care and Use Committee.

In vivo uCT Scan

Rats were anesthetized (4.0/1.75% isoflourane) and scanned at the right tibia by an in vivo
pCT system (vivaCT 40, Scanco Medical AG, Brdttisellen, Switzerland) at 10.5 pm
nominal voxel size. The scanner was used at 55 kVp energy, 109 pA intensity and 200 ms
integration time. During the scan, the rat tibia was immobilized by a customized holder to
ensure minimal motion effect (Figure 1). A 2D scout view was used to select the scan
region. A reference line was placed at 0.2 mm distal to the growth plate of the proximal
tibia. A 3.1 mm region, corresponding to 296 wCT slides extending away from the growth
plate, was acquired. Average time for each scan was 20 minutes. Between short-term
repeated scans, animals were taken out of the scanner and their tibiae were removed from
the customized holder and then reassembled for the next scan.

Image Registration of Trabecular Bone between Baseline and Follow-up Scans

A landmark-initialized mutual information based registration toolkit [19, 20] of an open
source software (National Library of Medicine Insight Segmentation and Registration
Toolkit, USA) [21] was used to register the baseline and follow-up scans. The registration
toolkit used the mutual Information metric with an implementation method specified by
Viola and Wells [19]. 1% of voxels in the volume of interest were randomly selected as the
spatial samples. Cubic B-Spline interpolator and quaternion rigid transform gradient descent
optimizer were applied. More detailed information about the registration approach can be
found in the ITK Software Guide [21].

The grayscale wCT images were used in the registration and transformation process. During
the registration, the baseline scan was fixed while the follow-up scan was transformed to
match the fixed image. The image registration occurred via two steps. First, a transformation
matrix T (including both a rotational matrix and a translation vector) was calculated to
align the center of mass of the follow-up scan (3D image F) to the baseline scan. The center
of mass of each image was calculated as the moments of the intensity gray levels divided by
the total intensity. Then T, was applied to transform the follow-up scan to obtain F1. In the
second step, F1 was used as the moving image and four sets of landmarks were manually
selected within 3D trabecular bone volume of F1 and the corresponding fixed image
(baseline scan). Initialized by the alignment of four pairs of landmarks, a mutual
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information-based registration scheme was employed to minimize the joint entropy and
marginal probabilities of the fixed and moving images, and a second transformation matrix,
T, was derived. It should be noted that only a cubic sub-volume of trabecular bone from the
original fixed and moving images were entered for the second registration. Then, T1 and T,
were combined to derive the final transformation matrix, T3. T3 represents the rigid-body
transformation, including a 3D rotation and translation, between image coordinates of the
baseline and follow-up scans.

To evaluate the trabecular bone microstructure of the registered baseline and follow-up
scans, the trabecular bone compartment of each follow-up scan was semi-automatically
contoured and saved as a volume of interest (VOI) mask (gobj file). Then, the
transformation matrix T3 was applied to rotate and translate the VOI mask of the follow-up
scan (Figure 2C). The transformed VOI mask from the follow-up scan corresponded to the
same VOI of the baseline scan. Subsequently, the registered, thresholded trabecular VOIs in
both the baseline and follow-up scans were subjected to microstructural analysis (Figure
2D). A different image transformation strategy was used for assessing bone stiffness of
registered nCT images (Figure 3). Due to the difficulty to place boundary conditions on
rotated image slabs, the transformation matrix T3 was applied to rotate and translate the
greyscale image of the follow-up scan so that it aligned with that of the baseline scan
(Figure 3B). Then, the trabecular bone VOIs were semi-automatically contoured based on
the follow-up scan and applied to the baseline scan to obtain the registered VVOIs for further
KFE analysis (Figure 3C).

Microstructural Analysis of Unregistered and Registered Trabecular Bone

Bone voxels of each image were segmented from bone marrow and background using
Gaussian filtering (sigma=1.2 and support=2.0) and a global threshold corresponding to 495
mmHA/cm3. For the unregistered images, a 2.5 mm section of trabecular bone, beginning
0.8 to 3.3 mm distal to the growth plate was contoured and analyzed for the baseline and
follow-up bone scans. For the unregistered image pairs, there was no significant difference
in the selected volume of trabecular bone at the baseline and follow-up scans in either the
short-term or long-term precision study. Bone microstructural parameters including bone
volume fraction (BV/TV), trabecular thickness (Th.Th*), trabecular spacing (Th.Sp*),
trabecular number (Th.N*), structure model index (SMI), connectivity density (Conn.D),
and bone density parameters: trabecular volumetric bone mineral density (Th.BMD), and
tissue mineral density (Th.TMD) were evaluated by 3D standard microstructural analysis
provided by the wCT manufacturer for each scan. Next, a second set of the bone
morphological and bone density analyses were performed for the 238 registered trabecular
bone image slides of the baseline and follow-up scans. There was no significant difference
in the selected volume of trabecular bone at the baseline and registered follow-up scans in
either the short-term or long-term precision study.

Trabecular Bone Stiffness by pFEA

Based on the wCT images of the trabecular bone compartments of the proximal tibia, each
bone voxel was converted to an eight-node brick element to construct wFE models for bone
stiffness measurements [22]. Bone tissue was modeled as an isotropic, linear elastic material
with a Young’s modulus (Eg) of 15 GPa and a Poisson’s ratio of 0.3 [23]. A uniaxial
displacement of 0.01 mm was applied perpendicularly to the distal surface of the tibia while
the proximal surface was imposed with zero displacement along the same direction. Both
ends of the tibia were allowed to expand freely in the transverse plane. a linear wFE analysis
was applied to determine the apparent Young’s modulus E” using a customized element-by-
element pre-conditioned conjugate gradient solver [24]. The total reaction force was
calculated from the linear wFE analysis, and the trabecular bone stiffness was calculated as
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the reaction force divided by the imposed displacement. Trabecular bone stiffness
characterizes the mechanical competence of trabecular compartments and is closely related
to bone strength [25] and fracture risk [26—28].

Statistical Analysis

Results

To evaluate the short-term precision of each measurement, the individual coefficient of
variance (CV) was evaluated, and the root mean square average of the %CV (RMSCV) was
derived for each parameter for both the unregistered and registered image pairs.

For each image pair i, i=1, 2, ..., N (N=15 in the short-term study and N=16 in the long-term
study)

SD;
%CV,:M x 100% (1)

ean;

N
RMS,c,=1/ > %CVIN @)
N o2
RMS,=~/ > SDYN @

Paired Student’s t-tests were performed to compare the CV of repeat scans before and after
image registration. To evaluate the long-term precision, percent change between the baseline
and 14-day follow-up scan was evaluated for both registered and unregistered image pairs
for each microstructure, density, and mechanical measurement. Paired Student’s t-tests were
performed to compare the percent changes calculated based on registered and unregistered
image pairs. Two-sided p values <0.05 were considered to indicate statistical significance.
Analyses were conducted using Microsoft Excel.

Short Term Precision Group

Prior to image registration, reasonable reproducibility was found for most parameters (Table
1). The precision errors associated with BV/TV, Th.N*, Th.Th*, Th.Sp*, Th.BMD, and
Th.TMD ranged between 0.85% and 2.65%. The precision error was particularly high for
SMI, Conn.D, and stiffness measurements (4.29%~8.83%). After image registration,
precision errors of all measurements went down. However, only the improvement in
precision of Th.N*, Th.TMD, and stiffness reached statistical significance.

Long Term Precision Group

Through visual inspection, the local trabecular microstructure of scans performed 14 days
apart was precisely registered as shown in Figure 4. When the 14-day follow-up scan was
overlaid onto the baseline scan, significant changes in cortical bone surfaces were observed.
As shown in Figure 5, red represents bone tissue scanned at day 0 and green day 14; yellow
indicates the common bone tissue of both day 0 and day 14. In the trabecular bone
compartment, local trabecular structure patterns remained similar in scans 14-days apart.
However, a significant amount of cortical bone tissue that was present at day 0 (red) at the
periosteum disappeared from the scan of day 14, suggesting that periosteal bone resorption
occurred due to bone modeling. In contrast, a significant amount of bone tissue (green)
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appeared at the endocortical surface in the 14-day follow-up scan, indicating endosteal
apposition of new bone tissue. By applying image registration we illustrates a physiological
process that occurs during bone growth due to a variety of unknown regulators of skeletal
modeling. This process pushed the existing bone tissues in the primary and secondary
spongiosa regions away from the growth plate distally, toward the mid-shaft region.

Prior to image registration, by using the growth plate as the reference line, comparisons
between VOls at day 0 and day 14 suggested significant increases in BV/TV (10.5%),
Th.N* (7.7%), Th.Th* (4.2%), Conn.D (10.1%), Tb.BMD (7.9%), and trabecular stiffness
(29.5%) and decreases in Th.Sp* (—8.0%) and SMI (—6.1%, Figure 6). After 3D image
registration (Figure 7), % change in each parameter became significantly different from that
calculated based on unregistered scans (Figure 6). Registered analysis results suggested that
in 14 days there was a 6.3% increase in BV/TV, 5.5% increase in Tbh.BMD, and 15.2%
increase in trabecular bone stiffness, primarily caused by increased Th.Th* (10.1%) and
Th.TMD (3.2%). In addition, there was a 12.5% decrease in Conn.D, as opposed to an
increase reported based on unregistered results. No changes were found in Th.N*, Th.Sp* or
SMI as opposed to those reported based on unregistered results (Figure 6).

Discussion

In this study, we tested both short-term and long-term precision of trabecular microstructure,
density, and stiffness measurements of an /n vivo.CT scan protocol of rat tibia with the
highest /n vivoimage resolution (10.5 um). For the short-term study, reasonable precision
can be achieved by the standard scan and analysis procedure for most morphology and
density measurements. 3D image registration tended to reduce short-term precision errors in
each measurement but only the improvements in trabecular number, tissue mineral density,
and stiffness reached statistical significance. This result is different from that reported by
Nishiyama et al. [15] which demonstrated improved short-term precision in most
microstructural measurements by 3D image registration. However, by using a customized jig
to minimize the motion artifact and reposition error during /n vivo scans, the precision of
most trabecular microstructure and density measurements without image registration in our
study were within 3%, a similar level compared to the registered precision in Nishiyama et
al. [15]. This may explain the minimal improvement by adding 3D image registration in our
study.

In the 14-day comparison, 3D registration had a significant impact on accuracy in all
morphology and density measurements. Due to continuous growth in rodents within the 14-
day period, without image registration, the longitudinal differences between the baseline and
follow-up scans were found to be driven by changes due to bone growth instead of local
bone remodeling. In the current study, results from the unregistered comparisons
overestimated increases in bone volume fraction, bone mineral density, and stiffness over 14
days, and wrongly attributed these improvements to significant changes in each
microstructural parameter. Image registration of trabecular bone more correctly quantifies
the local trabecular change and reduces the misleading interpretations. After image
registration, the results indicated thickened and more mineralized trabeculae caused by local
bone remodeling over 14 days; in contrast, unregistered results wrongly suggested that
increases in the number, connectivity and plate-likeness of trabeculae and a decrease in the
spacing of trabeculae were main causes of increased bone mass. Moreover, registered and
unregistered comparisons indicated changes of connectivity density in opposite directions.
As shown in the short-term results, Conn.D yielded the highest coefficient of variance and
was the most sensitive parameter to the conditions of the /n vivo.CT scan. Therefore, in the
long-term comparisons, 3D image registration had greatest impact on Conn.D so that the
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wrongful indication of direction of change based on unregistered comparisons was
successfully corrected.

An intriguing pattern of bone growth was observed in the 14-day comparison (Figure 5). It
was unexpected that the bone modeling and remodeling processes could have changed bone
structure and geometry to such an extent. The registration procedure works by maximizing
the agreement of structural patterns of the baseline and a transformed follow-up scan.
Therefore it is important to identify a region that experiences the least structural change over
time and to maximize the structural agreement of this region between the baseline and
follow-up scans. In adult rats, both bone modeling and remodeling affect bone structure and
geometry. We hypothesized that the trabecular bone structure is influenced by local bone
remodeling activities predominantly while the cortical bone geometry is most affected by
bone modeling activities. As shown in Figure 7A, maximizing the structural pattern
agreement in the trabecular region yielded the finest registered trabecular structure patterns
between the baseline and follow-up scan and indicated a significant effect of bone modeling
on the cortical bone. In contrast, Figure 7B shows the registration results by maximizing
whole bone geometry agreement between two scans (applied transformation matrix T,
only). Although cortical bone shape is nicely registered, the trabecular pattern did not match
between scans. Therefore, we conclude that the image registration based on an agreement in
trabecular bone structure is critical for detecting changes on the trabecular bone surface due
to remodeling activities. In contrast, the registration based on an agreement in cortical bone
geometry would provide insight into the development of trabecular bone structure due to
modeling activities. A similar finding was also reported by Waarsing et al. [2], who for the
first time tracked the local changes of bone microstructure in a longitudinal manner by /n
vivoCT. The observed endosteal deposition and periosteal resorption over 14 days in 3
month-old rats in our study is consistent with the observation over 14 weeks in 9 month-old
rats reported in Waarsing et al. [2]. Moreover, in both studies, the periosteal resorption and
endosteal apposition appeared on the lateral side of the tibial cortex.

Our study has several limitations. Three-month-old female rats were used in the study.
Although rats at this age are considered adults, active bone modeling still occurs in the
skeleton. In studies of the aged skeleton, rats older than 9 months are considered a more
reliable model to use. In that case, the growth rate of the skeleton of the aged rat is expected
to be slower than that of the rat used in the current study. However, unlike humans, the
growth plates of rodents do not close after their skeletons become mature. Trabecular bone
of the primary and secondary spongiosa is constantly moved down toward the diaphysis due
to new bone generated from the growth plate, even at an advanced age [2]. Therefore, 3D
image registration is critical to ensure accurate evaluations of changes due to bone
remodeling in both young and aged skeletons, especially those based on scans spanning
longer term. A second limitation of this study is the use of the same rats for obtaining an
additional set of 14-day comparisons for the long-term precision study. It should be noted
that the two sets of comparisons may be correlated.

In this study, a mutual information based image registration scheme was used to register the
unaltered bone structure. Such a registration method is suitable for both monomodal and
multimodal registration [19, 29, 30]. For the monomodal registration using mutual
information, concerns have been raised regarding misregistration caused by many local
maxima in the mutual information function [31, 32]. However, a recent study has shown that
the misregistration error by mutual information is minimal in the 3D monomodal
registration case [30]. In our application, we were able to obtain successful registration in all
our image pairs by using 1% of total voxels as sample points. Visual inspection was also
performed for each registration to avoid local maxima during the optimization procedure. It
should be noted that image registration is still an open area of research; therefore
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practitioners will find a variety of tools to perform registration with many options.
Additional caution should be taken to ensure the appropriate settings of metric, sampling,
interpolation, and optimization schemes to avoid misregistration.

Despite the limitations, our study has several notable strengths. The short-term precision
results of this study pointed to the effectiveness of using the customized jig at minimizing
motion artifacts and ensuring similar position of the tibia. Tightly affixing the rat foot at the
base of the customized jig with a four-screw system that can extend according to the length
of the rat’s tibia (Figure 1) greatly reduced image noise due to motion artifacts. To our
knowledge, this is the first study that addresses the precision of /n vivoCT image-based
ILFEA for assessing trabecular bone stiffness. Moreover, a specialized image registration
and processing scheme was proposed and implemented to ensure the best precision of /n
vivo nFEA results. In addition, the importance of the 3D image registration to ensure
accurate evaluation of changes in trabecular bone structure in a long-term study design was
quantitatively demonstrated. The results of this work show the strength of a longitudinal /n
vivo study design for measuring bone changes due to drug treatments, injury, or other
clinical problems. In this manner it may help to reduce the number of animals required and
optimize our use of laboratory animals in the future. Furthermore, using image registration
for the analysis of different clinical treatment strategies is imperative to determine the
treatment effect on local bone remodeling activities.

In summary, this study investigated the precision of trabecular density, structure and
stiffness measurements of /n vivoCT images. By applying additional fixation to the
scanned site, /n vivo.CT measurements yielded reasonable short-term precision even
without image registration. However, in longitudinal scans over a longer time, our results
suggested that 3D image registration is a critical step to delineate bone modeling and
remodeling activities and to ensure accurate detection of longitudinal changes in rodent
trabecular bone due to bone remodeling activities. Potentially, the effect of bone modeling,
namely the rate of longitudinal bone growth, can be quantified over time and be used to
adjust each follow-up scan region to eliminate such an effect. However, a previous paper has
reported that changes in the bone growth rate are significantly influenced by hormones such
as estrogen [9], and that the rate of bone growth varies at different stages of life span.
Therefore, 3D image registration may be the best approach to ensure that bone changes that
are longitudinally tracked by /in vivo.CT actually result from local bone remodeling instead
of global bone modeling.
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Figure 1.
(A-B) Customized jig for holding the rat tibia to ensure minimal motion artifacts and similar

positions over longitudinal scans. (C) in vivo pCT scan of a rat under anesthesia with the
right tibia held by customized jig.
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Baseline Scan Follow-up Scan

Image registration of the follow-up to baseline
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Figure 2.

Schematics of the image registration and microstructural analysis of trabecular bone: (A)
Image registration was performed on greyscale images of a trabecular subregion (shown in
light blue) to obtain the translation matrix T3 to transform follow-up scan to the baseline
scan. (B) Image thresholding was performed to distinguish bone matrix from bone marrow
and background. (C) A trabecular VOI mask was generated based on the thresholded follow-
up scan to separate trabecular from cortical compartment. Then the T3 was applied to
transform the VVOI mask of the follow-up scan to the corresponding VOI of the baseline
scan. (D) Trabecular microstructural analysis was then performed on the trabecular bone
within the correponding VOlIs (highlighted red region) of both baseline and follow-up scans.
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Baseline Scan Follow-up Scan

Image registration of the follow-up to baseline
scan to obtain transformation matrix Ts
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Mask

Convert Trabecular VOIs
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Figure 3.

Schematics of the image registration and finite element analysis of trabecular bone: (A)
Image registration was performed on greyscale images of a trabecular subregion (shown in
light blue) to obtain the translation matrix T3 to transform follow-up scan to the baseline
scan. (B) Then T3 was applied to transform the greyscale follow-up scan to baseline scan.
Highlighted yellow regions represent the registered bone volume in the baseline and follow-
up scans. (C) Image thresholding was performed to distinguish bone matrix from bone
marrow and background. A trabecular VOI mask was generated and applied to thresholded
images of both the baseline and transformed follow-up scans to obtain the registered images
of trabecular bone compartment (D) The images of the registered trabecular bone
compartments were converted to finite element models and subjected to compression tests.

Bone. Author manuscript; available in PMC 2014 September 01.



1dussnuein Joyny vd-HIN 1duosnueln Joyny vd-HIN

1duosnuey JoyIny vd-HIN

Lan et al.

Page 15

Figure4.

Registered 3D whole bone images (Top) and trabecular bone compartment (Bottom) of rat
proximal tibia at day 0 and day 14. A common region was highlighted in yellow and
enlarged in inset, showing a similar local trabecular structure in bones that were scanned 14
days apart.
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Figureb5.

Overlaid registered bone structure of day 0 (Red) and day 14 (Green). Yellow indicates
common bone tissue at day 0 and day 14. Significant bone growth occurred in 14 days. Due
to new bone generated from the growth plate in 14 days, trabecular bone moved away from
growth plate toward the diaphysis. This process was associated with periosteal resorption
(red) and endocortical formation (green).
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Comparisons of the % difference in trabecular measurements between day 0 and day 14
based on registered and unregistered image pairs. *p<0.05, **p<0.01, ***p<0.001 for
comparisons between day 0 and day 14. +p<0.05, ++p<0.01, +++p<0.001 for comparisons
between registered and unregistered results.
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Figure?7.

Overlaid bone structure of day 0 (Red) and day 14 (Green). Yellow indicates overlapped
bone tissue. Registration was conducted to (A) maximize the common trabecular bone
structure and (B) maximize the common whole bone area between day 0 and day 14.
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